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Introduction
“Do not worry about your
diﬃculties in mathematics;
I can assure you that
mine are still greater”.
Albert Einstein
This Ph.D. thesis summarized the work performed in INFN Cosenza group within the
ATLAS Muon Collaboration. This work is a representative cross section of the diﬀerent
aspects to the preparation of a modern day high energy physics experiment. An important part
is dedicated to the testing of specialized detector elements. And the experiment’s discovery
potential for signatures of new theoretical proposal is evaluated.
The thesis is divided into three parts. The ﬁrst part, made up of the ﬁrst three chapters, is
an introduction about the theoretical and the experimental background of the two main work
I have performed during the doctoral period. The second part, the fourth chapter, is about
the main work I have dealt with, the ageing problem of the Monitored Drift Tube detectors,
which make up the Muon Spectrometer. And the last third part, the ﬁfth chapter, is about
the study of an MSSM Higgs bosons decay mode into sparticles.
In Chapter 1 the Standard Model theory is reviewed, its successes and also its faults are
brieﬂy discussed and the Supersymmetric theory is introduced as the possible solution to the
Standard Model problems. The Minimal Supersymmetric Standard Model (MSSM) is then
introduced as the minimal supersymmetric extension of the SM.
In Chapter 2 I will give a brief description of the Large Hadron Collider project, which is
actually under construction at CERN (’Centre Europe´en pour la Recherche Nucle´aire’). An
overview of the physics and of the experiments at the LHC is reported. The ATLAS detector
is also overviewed and its physics programme is brieﬂy discussed.
Chapter 3 deals with the Monitored Drift Tubes, which make up the Muon Spectrometer.
Firstly the Muon Spectrometer system is described. Then the principle of operation of the
MDT is discussed. Finally the ATLAS background conditions are taken into account as the
main reason to perform ageing studies on the drift tube chambers.
1
2 INTRODUCTION
Recently, some preliminary studies have shown that exists the possibility of a premature
ageing, due to presence of pollutants in the MDT gas system. An ageing test, performed
in 2001-2003, had shown a loss in the performance of a MDT chamber, operated under high
irradiation conditions with a prototype of the ATLAS gas recirculation system. In Chapter 4
the results of this test are brieﬂy reported as a starting point for the ageing test performed in
2004-2005 in a more systematic way to investigate this ageing problem. The goal of the test
was to check the behavior of the MDT chambers after an irradiation similar to a few years of
operation at LHC, and to deﬁne the requirements for the ATLAS gas system components.
Chapter 5 deals with the study of the decay of the heavy neutral MSSM Higgs bosons
into a pair of next-to-lightest neutralinos. At ﬁrst it is introduced the region of the MSSM
parameter space in which the study is performed. Then the analysis strategy is worked out
looking to the generated Higgs signal characteristics and studying the backgrounds. The








The Standard Model and Beyond It
This chapter aims to give a short introduction to the present understanding of particle physics,
with a brief review of the status of the Standard Model (SM). Then the Minimal Supersym-
metric extension of the Standard Model (MSSM) will be introduced and it will be explained
how the MSSM can solve many of the defects of the Standard Model.
1.1 The Successes and Failures of the Standard Model
The Standard Model is the current theory of fundamental particles and how they interact.
In the last half century an immense amount of theoretical and experimental work has been
carried out in order to reveal the ultimate constituents of matter and to establish an accurate
description of their interaction. This eﬀort has let to a fundamental theory based on sym-
metry principles, containing only a limited set of elementary particles. This theory is called
Standard Model (SM). Its predictions are in agreement with all experimental data of the
last decades, except for the now experimentally established non-zero values of some of the
neutrino masses [1], [2].
The Standard Model is the quantum theory that includes the theory of strong interac-
tions, the quantum cromodynamics QCD, and the uniﬁed theory of weak and electromagnetic
interactions, the electroweak theory. At present, the Standard Model does not include the
eﬀects of gravitational interactions.
According to the present knowledge all matter in the Universe is made of two kinds of
elementary spin-1/2 particles (fermions), quarks and leptons, interacting through ﬁelds. The
matter particles consist of six types (or ﬂavours) of leptons and six types (or ﬂavours) of
quarks.
All these elementary fermions can be grouped into three families or generations of two










Neutrinos, in the top row of the lepton matrix, are electrically neutral and very light particles.
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6 The Standard Model and Beyond It
The three lepton have diﬀerent masses and +1 charge.
The quarks in the top row of the second matrix have +2/3 charge, the other ones have
-1/3 charge; their mass increase from the u to the t quark. The two members of every family
diﬀer by one unit of electric charge. The fermions are listed in table 1.1.


































4.0 − 4.5 GeV/c2
Table 1.1: Experimentally measured masses of fermions, as reported in the Review of Particle
Physics (2004) [3].
Besides electric charge, the quarks also possess another kind of charge called colour charge.
This is relevant for their strong interaction, which binds them together inside nuclear particles
(hadrons). All stable matter is built from the ﬁrst generation of massive fermions (u, d, e).
Four types of interaction ﬁeld have been distinguished in Nature:
• the electromagnetic interaction between electrically charged particles, described by
quantum electrodynamics QED in very good agreement with experiments. The mediator of
this interaction is a massless particle, the photon;
• the weak interaction, mediated by the three massive boson W+, W− and Z0, acts on
all the constituents of matter. The W - and Z-bosons have a mass of 80.2 GeV and 91.2 GeV
respectively;
• the strong interaction takes place between quarks which make up hadrons. The
mediators are 8 massless gluons. In the theory of the strong force, the QCD, there are six
diﬀerent types of strong charge, called color, three associated to quarks and the other three
to the anti-quarks;
• the gravitational interaction couples to the mass of the particles. The gravitational
forces is normally negligible in sub-atomic processes since the masses of the elementary par-
ticles are very far below the scale where gravity would became appreciable.
The particles associated with those ﬁelds are spin-1 particles which mediate forces called
gauge bosons (with the exception of gravity which is mediated by a spin-2 graviton). The
gauge bosons are listed in table 1.2.
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So, the quanta of the electromagnetic interaction between electrically charged particles are
boson interaction mass q
Vector Boson
W+ Weak 80.423 ± 0.039 GeV/c2 +1
W− Weak 80.423 ± 0.039 GeV/c2 -1
Z0 Weak 91.1876 ± 0.0021 GeV/c2 0
γ QED 0 0
g QCD 0 0
Scalar Boson
H Yukawa > 114.4 GeV/c2 95% CL 0
Table 1.2: Experimentally measured masses of SM bosons, as reported in the Review of
Particle Physics (2004) [3]. The last columns report the quantum numbers of these particles.
the massless photons (γ); since they are massless, the range of electromagnetic interaction is
inﬁnite. The quanta of the weak interaction ﬁelds between fermion are charged W± bosons
and the neutral Z boson; they are massive (∼ 100 GeV ) and therefore the weak interaction is
short ranged (R ∼ 10−17cm). The quanta of the strong interaction ﬁeld which acts between
colour-charged quarks are the gluons (g) and have zero mass; thus, like photon, they might
be expected to have inﬁnite range, however gluons, unlike photons, themselves carry a colour-
charge and interact among each other; this leads to a phenomenon called conﬁnement which
restricts the strong force to nuclear distance (R ∼ 10−13cm).
1.1.1 The Electroweak Theory
In 1960’s the electromagnetic and the weak interaction were combined into a single theory
which is know as GSW model, after its founders Glashow, Salam and Weinberg, or as elec-
troweak uniﬁcation [4], [5]. That the two interaction cannot be treated as separate U(1) and
SU(2) gauge theories can be understood from the fact that the two leptons in the SU(2)
doublet, the electron and the neutrino, carry diﬀerent electrical charge. In the electroweak
sector of the Standard Model left-handed particles are arranged in SU(2) doublets while
right-handed particles are SU(2) singlets. The weak interaction acts only on the left handed
doublets; the electromagnetic interaction acts on both the left- and right-handed components.





with quantum numbers (T3, Y ) = (±12 ,−12 ) and (0,−1). T3 is the third component of the
weak isospin and Y is the weak hypercharge. The right-handed component of the neutrino
does not exist in the Standard Model. The left- and right-handed components of the ﬁrst
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, uR, dR (1.3)
with quantum numbers (T3, Y ) = (±12 , 16), (0, 23) and (0,−13 ).
From a mathematical point of view it is a locally gauge-invariant theory with the symmetry
group SU(2)L × U(1)Y (L stands for left-handed and Y for hypercharge). The electromag-
netic interaction is formed by combining U(1)Y with a component from SU(2)L, so that the
electromagnetic charge is Q = Y + T3.
To reproduce experimental results on weak decays and to allow CP (Charge and Parity)
violation within Standard Model, the quarks have to be mixed by a mixing matrix (Cabibbo,











The Standard Model incorporates the Electroweak Theory of Glashow, Salam and Wein-
berg with the model of the fundamental strong force, the Quantum CromoDynamics (QCD).
The complete gauge group of the Standard Model is SU(3)c × SU(2)L × U(1)Y (where the
index c stands for colour). Although the Electroweak theory is truly a common description of
electromagnetic and weak phenomena, QCD does not derive naturally from the same theory
and hence it is an add-on.
1.1.2 Electroweak Symmetry Breaking
The Standard Model does not account for massive bosons and fermions as observed in Nature.
The GSW model predicts the existence of four massless gauge bosons, which is in disagreement
with the large Z ans W bosons masses found experimentally.
In order to allow massive particles it is necessary to break the electroweak symmetry in
such a way that all successful symmetry predictions are still preserved. Moreover, in the gauge
boson sector, the W± and Z bosons must acquire large masses while the photon must remain
massless. This can be solved by a mechanism know as spontaneous symmetry breaking
[6].
In spontaneously broken theories the Lagrangian describing the dynamics of the theory
is still invariant under the gauge transformation but the ground state (vacuum) no longer
possesses the gauge symmetry. In the Standard Model an external agent (ﬁeld) is needed to
break the electroweak gauge symmetry in this way. This ﬁeld is called the Higgs field. It
is a scalar ﬁeld (spin = 0) with the characteristic property that its ground state energy is
non-zero, i.e. its vacuum expectation value (VEV ) is not zero.
The equations of motion of the W±, Z and γ are modiﬁed by the interaction with the








g2 + g′2v , mγ = 0. (1.5)
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where g and g′ are the SU(2)L and U(1)Y coupling constant. The values of v, g and g′ can be
derived from measured quantities such as the Fermi weak coupling constant GF , the electric
charge e and sin2(θW ) (with θW the Weinberg angle). The thus obtained values of mW and
mZ are very close (within the one-loop uncertainties) to the measured values of 80.5 GeV and
91.2 GeV , respectively. The Higgs mechanism therefore provides a remarkably simple and
successful solution to the electroweak symmetry breaking problem.
Like the gauge bosons, also the fermion masses result from an interaction of the fermions
with the Higgs ﬁeld. However the fermion-Higgs interaction is not a direct consequence of the
gauge principle. It must be more or less introduced arbitrarily using the so-called Yukawa
coupling constants, which are free parameters of the theory.
The physical particle associated with the Higgs ﬁeld after the spontaneous symmetry




where λ is still a free parameter. The Higgs mass can therefore not be predicted by theory.
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H) − χ2min as a
function of mH . The line is the result of the ﬁt using all 18 results. The associated band
represents the estimate of the theoretical uncertainty due to missing higher-order corrections.
The vertical shaded band shows the 95% conﬁdence level exclusion limit on mH of 114.4 GeV
derived from the direct search of the Higgs boson at LEP-II [8]. The dashed curve is the result
obtained using the theory-driven ∆α(5)had(m
2
Z) determination. From [7].
Figure 1.1 reports the famous Blue-Band plot showing the ∆χ2min(M
2
H) distribution de-
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rived from a combined ﬁt of all the world experimental date to the SM exploiting the best
knowledge of precision theoretical calculations. The plot illustrates the indirect discovery of
the Higgs boson made via the study of constraints provided by theory and experiments [7].
Till the Higgs boson would be experimentally observed, the Standard Model will not be com-
pletely veriﬁed. This particle has to be searched in a mass range from 114 GeV/c2, the limit
of the direct searches at LEP-II [8], to 1 TeV/c2, the theoretical limit imposed by the stability
of the theory.
1.1.3 The Open Questions of the Standard Model
The conceptual success of the SM, like the electroweak uniﬁcation, the prediction of neutral
current interactions and of the properties of the weak bosons or the necessity of the charm
quark, are only a part of its merits, most of which come from the overall agreement between
the theory and the vast set of experimental data collected in electron-positron annihilations,
hadronic collisions and neutrino interactions, often measured at an accuracy level better than
one part per mille.
The present status of this good agreement is shown in Figure 1.2.
Although the Standard Model describes with a remarkable precision almost all known
phenomena in high energy physics, most physicists are convinced that it is merely a low
energy eﬀective theory which is part of a larger framework that will solve the remaining
shortcomings of the theory. Apart from not having observed the Higgs boson, a short list of
the unsatisfactory issues and drawbacks of the Standard Model should include at least the
following:
1. Too many arbitrary parameters. The SM contains at least 18 free parameter, 3 gauge
couplings, 6 quark masses and 3 lepton masses, 4 Cabibbo-Kobayashi-Maskawa free ma-
trix elements, 2 parameters characterizing the scalar sector of the theory. The common
feeling of this fact is that a more fundamental theory should be invoked to naturally
explain the pattern. Uniﬁcation theories start from this point.
2. Uniﬁcation of gravity to the electroweak and strong interactions. The gravitational in-
teraction is not included in the SM, so the theory is incomplete. A worse problem is that
a uniﬁcation of spin-1 gauge ﬁelds and spin-2 graviton ﬁelds within a unique algebra
has been proven to be theoretically almost impossible.
3. The dark matter problem. Many astrophysical observations point towards the existence
of non-relativistic, neutral, non-baryonic dark matter [9]. Since neutrinos are not mas-
sive enough to explain the observations, a new candidate for this cold dark matter is
needed.
4. Neutrino masses and neutrino oscillations. In the Standard Model neutrinos are mass-
less. There is now compelling evidence that neutrinos have masses [1], [10] and [11],
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Measurement Fit |Omeas−Ofit|/σmeas
0 1 2 3
0 1 2 3
∆αhad(mZ)(5) 0.02758 ± 0.00035 0.02767
mZ [GeV] 91.1875 ± 0.0021 91.1874
ΓZ [GeV] 2.4952 ± 0.0023 2.4965
σhad [nb]
0 41.540 ± 0.037 41.481
Rl 20.767 ± 0.025 20.739
Afb
0,l 0.01714 ± 0.00095 0.01642
Al(Pτ) 0.1465 ± 0.0032 0.1480
Rb 0.21629 ± 0.00066 0.21562
Rc 0.1721 ± 0.0030 0.1723
Afb
0,b 0.0992 ± 0.0016 0.1037
Afb
0,c 0.0707 ± 0.0035 0.0742
Ab 0.923 ± 0.020 0.935
Ac 0.670 ± 0.027 0.668
Al(SLD) 0.1513 ± 0.0021 0.1480
sin2θeff
lept(Qfb) 0.2324 ± 0.0012 0.2314
mW [GeV] 80.425 ± 0.034 80.389
ΓW [GeV] 2.133 ± 0.069 2.093
mt [GeV] 178.0 ± 4.3 178.5
Figure 1.2: The Precision Electroweak measurements. Comparison of the measurements
with the expectation of the SM, calculated for the ﬁve input parameter values in the minimum
of the global χ2 of the ﬁt. Also shown is the pull of each measurement, where pull is deﬁned
as the diﬀerence of measurement and expectation in units of the measurements uncertainty.
The direct measurements of mW and ΓW reported here are preliminary. From [7].
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while in the minimal Standard Model (i.e. without including the right-handed neutri-
nos) these are vanishing at any order. All most popular extensions of the SM that can
account for non-zero neutrino masses call for a higher energy scale.
5. The uniﬁcation of the gauge couplings. The coupling strengths of the strong, weak and
electromagnetic interactions should unify at some energy scale if one believes that the
three elementary interactions result from a local gauge theory with a higher fundamental
symmetry.
6. The hierarchy problem. The Standard Model is note the “Theory of Everything” since
gravitational interaction is not included. The uniﬁcation of gravity calls for a higher
energy scale around 1019 GeV , at which energy the gravitational interaction becomes
comparable to gauge forces. This is called Planck mass (MP ).
The Hierarchy Problem
There are three fundamental constants in physics: the speed of light c, Planck’s constant h






This is a fundamental scale in nature, at this energy quantum gravitational eﬀects become
important. On the other hand, the mass scale of electroweak symmetry breaking is set by
mW , mZ and mh, which are around 100 GeV . the hierarchy problem is the big question
why the typical energy scale associated with the electroweak symmetry breaking is so much
(1015 times) smaller than the Planck energy. The question is why the Higgs boson is so
much lighter than the Planck mass, although one would expect that the large (quadratically
divergent) quantum contributions to the Higgs boson mass squared would inevitably make
the mass huge, comparable to the Planck mass.
The physical Higgs mass squared is given by the “bare” Higgs mass squared plus the










(−2Λ2UV + 6m2F ln(ΛUV /mF ) + ...) (1.9)
where mF is the fermion mass and λF is the strength with which the Higgs boson couples
to the fermions; while ΛUV is an ultraviolet cutoﬀ used to regulate the loop integral. In the
case of coloured fermions the equation should be multiplied by 3.
The loop correction generates a quadratic divergence in ΛUV with negative sign. In the
Standard Model the largest correction comes from the top quark with |λt| ≈ 1. ΛUV can be
interpreted as the energy scale at which new physics enters to alter the high-energy behaviour
of the theory. If no new physical phenomena occur between the electroweak scale and the
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Plank scale, then ΛUV ≈ mP and the quantum correction is come 30 orders of magnitude
larger than the aimed-for value of m2H ≈ 100GeV 2. Considering equation 1.8, this means that
the bare Higgs mass (m2H)0 should also be of the order of the Plank mass.
Similar to equation 1.9, corrections to m2H can come from a loop containing a boson




(Λ2UV − 2m2B ln(ΛUV /mB) + ...). (1.10)
It is interesting to note that this correction also generates a quadratic divergence in ΛUV , but
its sign is opposite to that from a fermion loop.
From equations 1.9 and 1.10 it can be seen that if every fermion in the theory would be
accompanied by two bosons with λB = λ2F , the quadratic ultraviolet divergences would cancel
exactly. Only a residue involving the mass diﬀerences would remain. The cancellation of two
large terms with a small residue resembles a symmetry that is softly broken. Such a symmetry
would relate fermions to bosons and it is called supersymmetry. Other possible extensions of
the Standard Model that solve, or at least shift, the hierarchy problem include little Higgs
model and extra dimension theories, but they will not be further discussed here.
Figure 1.3: Quantum corrections to the Higgs (mass)2 coming from fermion (a) and boson
(b) loops [12].
Unification of Gauge Couplings
The success of the common description of the electric, magnetic and weak forces have led
to the hope that the three elementary interactions (and maybe later also gravitation) will
be unify as the result of a single simple symmetry group. This implies that the strength of
the strong, weak and electromagnetic interactions should unify at some energy scale. In the
Standard Model the coupling “constants” are indeed not constant but a function of the energy








where Q0 is a reference scale, g1 =
√
5/3g′, g2 = g and g3 = gs, with g′, g and gs the
usual U(1)× SU(2)× SU(3) coupling constants. This energy dependence is described by the
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renormalization group equations (RGE):
d
dt





and a = (1, 2, 3), (1.12)
showing that the inverse couplings evolve linearly with the scale parameter t. This relation is
conﬁrmed by experiments.
Uniﬁcation requires that, at some energy scale, all couplings become equal, α1 = α2 =
α3 = αGUT . In the SM the coeﬃcients bi are given by:










b3 = −43ng + 11,
(1.13)
where ng is the number of quark and lepton generations and nh is the number of Higgs doublet




, b2 = −196 , b3 = −7. (1.14)
Figure 1.4: Evolution with energy Q
(in GeV ) of the inverse of the three
coupling constants, assuming the Stan-
dard Model. The thickness of the lines
reﬂects the experimental uncertainty in
the coupling constant determination.
Figure 1.4 shows the evolution of the coupling constants assuming the Standard Model
particle content. It is clear that coupling constant uniﬁcation at a single point is not possible
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and statistically excluded at a level of 12σ. Consequently true uniﬁcation can only be obtained
if new physics enters between the electroweak and Planck scale, modifying the slope of the
evolution of the couplings.
1.2 Principles of SuperSymmetry
Supersymmetry (SUSY) is a symmetry which connects fermions (matter particles) and bosons
(force carriers) each other. The supersymmetry operator Q generates such transformations:
Q|boson >= |fermion >, Q|fermion >= |boson > . (1.15)
The operator Q and its hermitian conjugate Q satisfy the following commutation and anti-
commutation relations:
{Q,Q†} = Pµ,
{Q,Q} = {Q†, Q†} = 0,
[Pµ, Q] = [Pµ, Q†] = 0,
(1.16)
where Pµ is the space-time translations momentum generator. These deﬁne the supersymme-
try algebra.
The single-particle states of a supersymmetric theory fall naturally into irreducible rep-
resentations of the supersymmetry algebra. These representations are called supermultiplets.
Each supermultiplets contains both fermion and boson states, which are commonly known as
superpartners of each other; and the number of boson and fermion degrees of freedom in a
supermultiplet must be equal (nB = nF ). Since the (mass)2 operator −P 2 commutes with
the operators Q and Q†, particles in the same irreducible supermultiplet must have equal
eigenvalues of −P 2, and therefore equal masses. The supersymmetry generators Q and Q†
also commute with the generators of gauge transformation. Therefore particles in the same
supermultiplet must also be in the same representation of the gauge group, and so must have
the same electric charges, weak isospin and color degree of freedom.
Trying to construct the simplest supermultiplets consistent with these constraints, a ﬁrst
possibility would be to pair a fermion with two real (or one complex) scalar bosons (both
two degree of freedom), and this combination is called a chiral or matter supermultiplet ;
another possibility is to combine a massless vector boson (again two degrees of freedom) with
a fermion; such a pairing is called vector or gauge supermultiplet. There are other combinations
of particles possible, however it can be shown that these are always reducible to combinations
of chiral and gauge multiplets if their interactions are to be renormalizable.
One might wonder whether any of the known particles in the Standard Model could be linked
together in supermultiplets. Unfortunately none of the known fermions can be paired with
any of the known bosons because their internal quantum numbers do not match. For example,
quarks sit in triplet representations of colour whereas the known bosons are either singlets or
octets of colour. Thus the only possibility seems to be the introduction of new supersymmetric
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partners (spartners) for all SM particles. The Minimal Supersymmetric Standard Model
(MSSM) contains the minimal extension of the Standard Model particle content.
1.3 The Minimal Supersymmetric Extension of the Standard
Model
As it was just discussed, each of the fundamental particles must resides in either a chiral or
a gauge supermultiplet and their superpartners must have a spin diﬀering by 1/2 unit. None
of the Standard Model bosons can be the superpartner of a Standard Model fermion or vice
versa because their gauge quantum numbers are diﬀerent. Therefore all superpartners must
be “new” particle, that is particles did not yet discovered.
All Standard Model fermions ﬁt naturally into chiral multiplets. Their scalar superpartners
all carry the name of the original particle preceded by an “s”, and the symbols are the same
as for the corresponding fermion, but with a tilde used to denote the superpartner of the
Standard Model particle; e.g : squarks (q˜) and leptons (l˜) in general, and stops (t˜) and staus
(τ˜ ) in particular. A summary of the Standard Model fermions and their scalar superpartners
is given in table 1.3.
Name Spin 0 Spin 1/2 SU(3)×SU(2)×U(1)
squarks, quarks (u˜L, d˜L) (uL, dL) (3,2,1/6)
u˜R uR (3,1,2/3)
d˜R dR (3,1,-1/3)
sleptons, leptons (ν˜, e˜L) (ν, eL) (1,2,-1/2 )
e˜R eR (1,1,-1)
Table 1.3: Fermions and their sfermions partner in the Minimal Supersymmetric extension
of the Standard Model.
The vector bosons of the Standard Model naturally reside in gauge supermultiplets.
Fermionic superpartners of gauge bosons are named by adding “-ino” after the name of
the Standard Model particle. The gluon g, carrier of the strong color interactions, has a spin-
1/2 gluino partner g˜ and the electroweak gauge bosons W+, W 0, W− and B0 have spin-1/2
superpartners W˜+, W˜ 0, W˜− and B˜0, called winos and binos. Generically they are called
gauginos. Alternatively the superpartners of the photon and Z0 (linear combination of W˜ 0
and B˜0) may be called photino and zino. Table 1.4 summarizes the gauge supermultiplets of
the MSSM.
Since it has spin-0, it seems that the Higgs boson must reside in a chiral supermultiplet.
However it turns out that one supermultiplet is not suﬃcient. There are two reasons for
this; ﬁrst, because the structure of supersymmetric theories, only a Y = +1/2 Higgs chiral
supermultiplet can have the Yukawa couplings necessary to give masses to charge +2/3 up-
type quarks, and also only a Y = −1/2 Higgs chiral supermultiplet can have the Yukawa
couplings necessary to give masses to charge −1/3 down-type quarks and to charged leptons.
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Name Spin 1/2 Spin 1 SU(3)×SU(2)×U(1)
gluino, gluon g˜ g (8,1,0)
winos, W bosons W˜±, W˜ 0 W±, W 0 (1,3,0)
bino, B boson B˜0 B0 (1,1,0)
Table 1.4: Gauge bosons and their gaugino partners in the Minimal Supersymmetric exten-
sion of the Standard Model.
The second argument for having two Higgs doublets in the MSSM comes from the gauge
anomaly cancellation requirement, so adding two doublets, one with Y = +1/2 and one
with Y = −1/2, the cancellation of the anomalous terms in triangle loop diagrams involving
chiral fermions was preserved. The Higgs ﬁeld corresponding to the positive hypercharge will
be called Hu, and the one corresponding to the negative hypercharge Hd. The weak isospin
components of Hu with T3 = (+1/2,−1/2) have electric charges 1 and 0 respectively, and they
are denoted (H+u ,H0u). Similarly the SU(2)-doublet complex scalar Hd has T3 = (+1/2,−1/2)
components (H0d ,H
−
d ). The neutral scalar that corresponds to the physical Standard Model
Higgs boson is a linear combination of H0u and H0d . According to the nomenclature introduced
above, the fermionic partners of the Higgs bosons are called higgsino, and they are listed in
table 1.5.
Name Spin 0 Spin 1/2 SU(3)×SU(2)×U(1)
Higgs, higgsinos (H+u , H0u) (H˜
+








Table 1.5: Higgs bosons and their higgsinos partners in the Minimal Supersymmetric exten-
sion of the Standard Model.
The mixing of particle states signiﬁcantly complicates the interpretation of the supersym-
metric particle masses. The phenomenologically most important mixings happen between the
superpartners of the gauge and Higgs bosons: after the electroweak symmetry breaking the
charged winos W˜± and higgsinos H˜+u , H˜−d have the same quantum numbers and will therefore
mix. The mass eigenstates of this system, which are the physically observable particles, are








By convention the χ±1 is the lightest of the two states. Similarly, the neutral wino W˜ 0,








called neutralinos, again noted from the lightest to the heaviest (Table 1.6).
Apart from the gaugino/higgsino mixing, also the two scalar partners of each heavy quark
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Name Spin Gauge Eigenstates Mass Eigenstates














Table 1.6: Gauge and mass eigenstates for gauginos.
or lepton mix together, as for example t˜L and t˜R mix and form the mass eigenstates t˜1 and
t˜2.
1.3.1 R-parity
R parity is a multiplicative quantum number such that all particles of the Standard Model
have R parity +1, while their SUSY partners have R parity -1. R parity is deﬁned as:
R = (−1)3B+L+2S (1.19)
where L is the lepton number, B is the baryon number and S is the spin [13].
The assumption of R parity conservation has profound experimental consequences which go
beyond the details of a speciﬁc model. Because R parity is a multiplicative quantum number,
it implies that the number of SUSY partners in a given interaction is always conserved modulo
2.
1. SUSY partners can only be pair produced from Standard Model particles.
Furthermore, a SUSY particle will decay in a chain until the lightest SUSY particle is
produced (such a decay is called a cascade decay). This lightest SUSY particle, called the
LSP, must be absolutely stable when R parity is conserved.
2. A theory with R parity conservation will have a lightest SUSY particle (LSP) which is
stable.
The LSP must be neutral since there are stringent cosmological bounds on light charged
or colored particles which are stable. If R parity is violated then it is possible for some other
particle (such as the gluino) to be the LSP. Hence the LSP is stable and neutral and is not
seen in a detector (much like a neutrino) since it interacts only by the exchange of a heavy
virtual SUSY particle.
3. The LSP will interact very weakly with ordinary matter.
So a generic signal for R parity conserving SUSY theories is missing transverse energy from
the non-observed LSP. In theories without R parity conservation, there will not be a stable
LSP, and the lightest SUSY particle will decay into ordinary particles (possibly within the
detector). Missing transverse energy will no longer be a robust signature for SUSY particle
production.
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1.3.2 Benchmarks for Supersymmetry Searches
In the unconstrained version of the Minimal Supersymmetric extension of the Standard Model
no particular Supersymmetry breaking mechanism is assumed, but rather a parameterization
of all possible soft SUSY breaking terms is used. As said above, this leads to more than a
hundred parameters (masses, mixing angles, phases) in this model in addition to the ones of
the Standard Model. The currently most popular SUSY breaking mechanisms are:
• minimal SUperGRAvity, mSUGRA [14],
• Gauge-Mediated Supersymmetry Breaking, GMSB [15],
• Anomaly-Mediated Supersymmetry Breaking,AMSB [16].
In these scenarios SUSY breaking happens in a hidden sector. This “hidden sector”
of particles have not direct coupling to the particles in the chiral supermultiplets in the
“visible sector”. Anyway the two sectors share some interactions and the symmetry breaking
is communicated to the visible sector through some messenger interaction that couples to
both. Phenomenologically viable models are classiﬁed in terms of how the SB takes place
and how it is transmitted to our observable sector. In almost all of the models, SUSY is
broken dynamically at a high scale and then this breaking is mediated to our low energy
world. Thus the supersymmetry breaking is mediated to the visible sector in diﬀerent ways:
via gravitational interactions in the mSUGRA scenario, via gauge interactions in the GMSB
scenario, and via the super-Weyl anomaly in the AMSB scenario. Assuming one of these SUSY
breaking mechanisms leads to a drastic reduction of the number of parameters compared to
the MSSM case.
For example in minimal supergravity models, mSUGRA, in which gravity is the sole
messenger, it is assumed that the scenario can be parametrized at the GUT scale by four
parameters and a sign:
• m0, the universal scalar mass parameter,
• m1/2, the universal gaugino mass parameter,
• A0, the SUSY trilinear Higgs-sfermion-sfermion coupling,
• tanβ, the ratio of the Higgs ﬁelds vacuum expectation values,
• sign(µ), the sign of the higgsino mass parameter.
The parameters of the (minimal) GMSB scenario are the messenger mass Mmes, the mes-
senger index Nmes, the universal soft SUSY breaking mass scale felt by the low-energy sector,
Λ, as well as tan β and sign(µ).
The (minimal) AMSB scenario has the parameters maux, which sets the overall scale of
the SUSY particle masses (given by the vacuum expectation value of the auxiliary ﬁeld in
the supergravity multiplet), tanβ, sign(µ), and m0, where the latter is a phenomenological
parameter introduced in order to keep the squares of slepton masses positive.
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The mass spectra of the SUSY particles in these scenarios are obtained via renormalization
group running from the scale of the high-energy parameters of the SUSY-breaking scenario
to the weak scale. The low-energy parameters obtained in this way are then used as input
for calculating the predictions for the production cross sections and for the decay branching
ratios of the SUSY particles.
1.4 Why Supersymmetry is the most attractive extension of
the Standard Model
In this section it will be reported how the supersymmetry theories solve several defects of the
Standard Model outlined in section 1.1.3.
1.4.1 The Supersymmetric Solution of the Hierarchy Problem
Supersymmetry proposes a natural solution to the Hierarchy problem, providing the masses
of the superpartners are not to large.
In a supersymmetric theory each of the Standard Model quark and lepton doublets resides
in a chiral supermultiplet so it is accompanied by two complex scalars with couplings λB =
|λF |2. Since bosonic and fermionic loops have opposite signs as can be see in equations 1.9
and 1.10, the quadratic divergences cancel and the residual one-loop correction to the Higgs



















(m2B −m2F ), (1.21)
which is of the order of m2H and hence naturally small if the supersymmetric partner bosons
B and fermions F have similar masses:∣∣m2B −m2F ∣∣  1TeV 2. (1.22)
Cancellations of higher order loops are also guaranteed if supersymmetry is invoked. Relation
1.22 provides one of the best motivations for the occurrence of supersymmetry at relatively
low energies.
1.4.2 Uniﬁcation of Gauge Couplings
The second main motivation for supersymmetry is related to uniﬁcation theory. In section
1.1.3 it was reported that the coupling strengths of the strong, weak and electromagnetic
interactions do not unify at a single point in the Standard Model. Since the MSSM doubles
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the particle content of the Standard Model, the slope of the evolution of the gauge couplings




, b2 = 5, b3 = −3, (1.23)
and with these numbers a perfect uniﬁcation of the gauge couplings can be obtained if the
sparticle masses are of the order of 1 TeV (Figure 1.5). In the plot in ﬁgure 1.5 the supersym-
metric particles are assumed to eﬀectively contribute to the running of the coupling constants
only for energies above the typical SUSY mass scale, which causes the change in slope of the
lines near 1 TeV .
Figure 1.5: Evolution with energy Q
(in GeV ) of the inverse of the three
coupling constants, assuming the Min-
imal Supersymmetric extension of the
Standard Model. The mass of the spar-
ticles is assumed to be 1 TeV .The
thickness of the lines reﬂects the ex-
perimental uncertainty in the coupling
constant determination.





The ﬁrst error originates from the uncertainty in the coupling constants, the second one
from the uncertainty in the mass splitting between the supersymmetric particles. The errors
in MSUSY show that uniﬁcation is not very sensitive to the exact value of the SUSY masses
as a range of 100 GeV≤MSUSY ≤ 10 TeV can be accommodated.
1.4.3 The Supersymmetric Dark Matter
Many astrophysical measurements point to the existence of nonrelativistic, neutral, non-
baryonic dark matter in the Universe [9]. All attempts to explain the observations using
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Standard Model particles have failed, because the SM candidate, the neutrino, is too light.
In the R-parity conserving MSSM the lightest supersymmetric particle (LSP) is always
stable; so this LSP is a good candidate for the cold dark matter in the Universe. There
are strong constraints on the nature of such a candidate: it must be electrically and colour
neutral, since otherwise it should have bound with normal matter forming anomalously heavy
isotopes that would have been detected.
The present lifetime of the Universe is about 1010 years, which implies an upper limit on
the expansion rate and, correspondingly, on the total relic abundance. The latest constraints
on dark matter from the WMAP experiment [18] lead to (at 95% conﬁdence level):
0.094 ≤ Σχh2 ≤ 0.129. (1.25)
There are a number plausible supersymmetric dark matter candidates [19], but the most
favoured is the LSP neutralino, χ01. The attractive feature of LSP neutralino is that it has a
relic density in accordance with 1.25 over large domains of the MSSM parameter space.
1.5 Summary
In this chapter the main features of the Standard Model are very brieﬂy reviewed, with a
focus on the electroweak symmetry breaking. Some defects of the Standard Model are also
discussed, such as the hierarchy problem, the non-uniﬁcation of gauge couplings, the dark
matter problem and the fact that the gravity cannot be accommodated within the theory.
The principles of Supersymmetry, a symmetry which relates fermions and bosons, are
explained and it is shown how a Minimal Supersymmetric extension of the Standard Model
provides a satisfactory solution to most of these problems.
The particle content of the Minimal Supersymmetric Standard Model is discussed. In
MSSM every Standard Model particle has a supersymmetric partner that diﬀers from it with
half a unit in spin. The introduction of R−parity, a discrete symmetry, has a consequence
that supersymmetric particles are only produced in pairs and that there exists a stable lightest
supersymmetric particle, the LSP.
Since in a fully supersymmetric theory the masses of the superpartners should be equal to
the masses of their Standard model counterparts, which is clearly not the case, supersymmetry
must necessarily be a broken symmetry. Whereas the introduction of Supersymmetry only
added one extra free parameter to the Standard Model, supersymmetry breaking leads to a
theory with 105 additional free parameter. In order to reduce this number, several SUSY
breaking mechanisms have been developed.
The Higgs sector of the MSSM is introduced. Contrary to the Standard Model, the Higgs
sector contains ﬁve physical Higgs bosons: two CP-even neutral scalars, h and H, one CP-odd
neutral scalar, A, and a pair of charged Higgs bosons, H±. At tree level, their masses and
couplings are determined by only two parameters, mA and tanβ. Also the phenomenologically
important aspects of neutralino, chargino, squark and slepton mixing are reported.
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Chapter 2
The LHC Project and the ATLAS
Experiment
This chapter gives an introduction to the Large Hadron Collider (LHC). The next generation
of high-energy physics research facilities has to operate in the TeV scale range in order to
address important new issues of elementary particle physics. The LHC project will allow to
explore particle physics up to energy values which dominated the early Universe, just 10−12s
after the “Big Bang” when the temperature was about 1016K. In this chapter the physics
potential of the collider and its impact on the design of the ATLAS experiment are discussed,
and an overview of the full ATLAS detector is given as reported in the Technical Design
Report [1].
2.1 The Large Hadron Collider
The Large Hadron Collider project [2] was approved by CERN (’Centre Europe´en pour la
Recherche Nucle´aire’) Council in December 1994. The LHC accelerator is presently being
installed in the existing LEP (electron-positron collider) tunnel (Figure 2.1). It will accelerate
protons to an unprecedented energy of 7 TeV , providing proton-proton collision at a centre-of-
mass energy
√
s = 14 TeV and heavy-ion collisions with a centre-of-mass energy of 1148 TeV .
This centre-of-mass energy presents a great challenge for accelerator technology. To supply the
LHC with pre-accelerated protons, the existing CERN facilities have been upgraded. Protons
will be accelerated through many steps by the already existing machines: a Linac will bring
them up to 50 MeV , a Booster up to 1.4 GeV , the PS up to 25 GeV and the SPS up to
450 GeV . Finally, protons will be injected in the Large Hadron Collider where they will be
accelerated up to 7 TeV . Figure 2.2 shows an overview of the CERN acceleration complex.
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Figure 2.1: Aerial view of the CERN site showing the path of the 27 kilometers tunnel
housing the LHC collider. The tunnel was excavated in the 1980’s to house the LEP collider.
This was closed in 2000. Geneva airport is visible (lower right).
Figure 2.2: An overview on the accelerator complex at CERN. Before being injected into the
27 km LHC storage ring, protons pass a series of pre acceleration stages. When the energy of
7 TeV has reached, the protons are brought to collision in the four interaction points, each of
which equipped with a large experimental apparatus: ATLAS, CMS, LHCb and ALICE.
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The use of particle of the same type, contrary to LEP and Tevatron at Fermilab (proton-
antiproton collider) oﬀers important advantages with respect to the beam lifetime. However it
requires two separate channels with opposite beam directions. The two channels, together with
their superconducting dipole magnets will be inserted in a single cryostatic structure (Figure
2.3). Dipoles will operate at 1.9 K, where Helium becomes superﬂuid, and will provide a ∼
9 T magnetic ﬁeld. The boost will be provided by 400 MHz superconducting radiofrequency
cavities. Table 2.1 summarizes the main LHC parameters.
Parameters Values - pp running mode
Circumference 27 km
Number of magnet dipoles 1232
Dipolar magnetic ﬁeld 8.386 T
Magnet temperature 1.9 K
Centre of mass energy 14 TeV
Beam energy 7 TeV /charge
Bunch spacing 25 ns
Bunches per ring 2835
Protons per bunch 1011
Initial luminosity 1033cm−2s−1
Design luminosity 1034cm−2s−1
Table 2.1: Main technical machine parameters of LHC.
Figure 2.3: A schematic cross section of the LHC dipole.
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2.1.1 Phenomenology of proton-proton collisions
Physics at a pp collider provides diﬀerent features with respect to LEP. When elementary par-
ticles like e+e− collide, the interaction energy is ﬁxed, providing clean experimental conditions.
Light particles, however, are limited by the energy loss of the synchrotron radiation emission
which at LEP amounted to Eloss = 2.8 GeV per turn. Hadron colliders are not limited by
the same energy loss, because Eprotonloss = 10
−13Eelectronloss , but the experimental conditions are
worse.
Protons are clustered into bunches and the nominal number of protons per bunch will
be 1011, colliding at a given interaction point every 25 ns. Bunches will have a very small
transverse spread, σx ∼ σy ∼15 µm, while they will be 7.5 cm long in the z direction at the
collision points. The accelerator parameter related to the rate on interaction is the Luminosity
(L):
L = f n1n2
4πσxσy
(2.1)
where f is the revolution frequency, n1 and n2 are the number of protons per bunch for the
two colliding beams respectively, σx and σy are the widths which characterize the Gaussian
transverse beam proﬁles in the horizontal (bending) and vertical directions respectively. The
number of interaction Ni, corresponding to the process i with a cross-section σi, depends on




This collider is foreseen to operate in two successive phases: during the ﬁrst few years the
luminosity will be ∼ 1033cm−2s−1 (low luminosity run) and this period will be mainly dedi-
cated to tune the performances of the detectors. Afterwords the luminosity will be increased
to the design value of ∼ 1034cm−2s−1 (high luminosity phase).
Inelastic processes dominate high-energy hadron collisions that are characterized by mul-
tiple production of secondary mesons and baryon-antibaryon pairs. Given the total inelastic
proton-proton cross section of about 100 mb, the event rate R, deﬁned as the number of events
produced per second, is expected to be:
R = σ · L = 100mb · 1034cm−2s−1  109s−1 (2.3)
when running at high luminosity [3]. The feature of hadron-hadron collisions at high energy
are dominated by the long-distance conﬁning behaviour of the strong forces between the two
incoming hadrons. In this case the momentum transfer of the interaction is small (soft colli-
sion) and therefore particle scattering at large angles is suppressed. The ﬁnal state particles
have large longitudinal momentum, but small transverse momentum pT relative to the beam
line (〈pT 〉 ≈ 500MeV ). Most of the collision energy escapes in a very narrow cone around
the beam pipe. Final states arising from these soft interactions are called “minimum bias”
events. They represent the majority of the pp collisions, but they are not of big interest:
actually it is virtually impossible, from such soft collisions, to gain any insight on the nature
of the elementary quark and gluon constituents of the hadrons.
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However it is possible, at extremely high collision energies, to select very rare events whose
characteristics are determined largely by the short-distance behaviour of the quark-quark
interaction. Since monochromatic proton beams can be seen as beams of partons (quarks
and gluons) with a wide spectrum of energies, these events correspond to the occasional
“head-on” or hard collision between two partons of the incoming protons. These interaction
occur at small distances and therefore are characterized by large momentum transfers (hard
scattering). In this case ﬁnal state particles can be created. These are the more interesting
physics events, but they are rare compared to soft interactions. For example, the production
of a W boson through the annihilation of a quark-antiquark pair has a cross section of ∼ 150
nb, that is 105 times smaller than the total inelastic pp cross section and the cross sections
of one of the most interesting processes, like Higgs boson production, are 1011 times smaller,
which underlines the strong importance of high luminosity and eﬃcient background rejection
techniques. The total cross section and the cross sections of some interesting hard processes
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Figure 2.4: The cross section for hard scattering processes versus centre-of-mass energy.
The centre-of-mass energy of LHC is indicated at the top.
30 The LHC Project and the ATLAS Experiment
In the hard scattering interactions of quarks and gluons at a hadron collider, the eﬀective
centre-of-mass energy of the process (
√
sˆ) is smaller than the centre-of-mass energy of the
machine (
√





where xa and xb (Bjo¨rken variables) are the proton momentum fraction carried by the two





Therefore in order to produce a particle of 100 GeV mass, two quarks, or gluons, which
carry only 1% of the proton momentum are needed (x ∼ 0.01), whereas a particle of 5
TeV mass can only be produced if two partons with x ∼ 0.35 interact. The momentum
distributions of quarks and gluons inside the proton are called parton distribution functions.
Up and down quarks contribute to the quantum numbers of the proton (valence quarks) and
therefore they carry a large fraction of the proton momentum. Protons contain also gluons
and other quarks, which form the so-called “sea” and which exhibit much smaller momenta.
They are mainly produced by the gluon radiation from valence quarks, and by subsequent
gluon splitting into quark-antiquark pairs. The parton momentum distribution depends on
the 4-momentum exchanged in the interaction(Q2). At large Q2 values the interaction probes
the short-distance structure of the protons, hence it has access to the sea. So the observed
parton distribution functions are shifted towards small x value. For small Q2 values, on the
other hand, only the valence quarks are visible and the parton distribution functions peak at
large x values.






The inelastic cross section at LHC is about 100 mb (at high luminosity run), so an average
of 25 soft interactions occur simultaneously at each bunch crossing, providing an event rate
of 109 Hz. It means that the ATLAS detector, for example, will be traversed by about 1000
charged particles every 25 ns, in the pseudo rapidity region |η| < 2.5. So a hard scattering
event produced during a bunch crossing has to be sorted out from a huge amount of additional
soft particles.
LHC detectors should moreover have a response time fast enough to avoid the overlap of a
large number of bunch crossing. The typical response time should be in the range of 20 ÷ 50
ns, which corresponds to integrating over 1 ÷ 2 bunch crossing and therefore summing 25 ÷
50 soft events on average. A ﬁne detector granularity is also required in order to minimize the
probability for particles from pile-up events to cross the same detector element. Finally the
LHC detectors must be radiation resistant, because of the high particle ﬂux arising from pp
collisions. This ﬂux, integrated over 10 years of operations, amounts to 1017 neutrons/cm2
and ? photons/cm2. Such huge particle ﬂuxes can damage the detector elements and lead to
a reduction of performances.
2.2 LHC Experiments 31
2.2 LHC Experiments
In order the full discovery potential of LHC two general-purpose proton-proton experiments,
ATLAS and CMS, three specialized experiments, LHCb, ALICE and TOTEM are going to
be installed at the beam crossing (Figure 2.1).
ALICE (A Large Ion Collider Experiment) is an experiment specialized to heavy ion
physics in Pb-Pb collisions with centre-of-mass energies at the PeV scale [4]. Figure 2.5-d
shows a three dimensional view of the ALICE detector.
ATLAS (A Toroidal LHCApparatuS) is a general-purpose experiment for the physics of
the proton-proton collisions [5]. The most characteristic features of the detector is its magnet
system: the inner detector will be placed inside a solenoid , while large superconducting
air-core toroids consisting of independent coils will be arranged outside the calorimeters to
provide the magnet ﬁeld for muon spectroscopy. ATLAS is the detector on which this thesis
is focused so it will be explained in greater detail in the next sections. Figure 2.5-a shows a
three dimensional view of the ATLAS detector.
CMS (Compact Muon Solenoid) is the other general-purpose experiment at the LHC [6].
Its basic design diﬀers from ATLAS mainly in the uniform solenoidal magnetic ﬁeld, provided
by a single, large, superconducting solenoidal magnet (14 m long and 3 m inner radius), which
covers the whole detector including the muon chambers. The strong ﬁeld of 4 T leads to a
compact design for the Muon Spectrometer without compromising the momentum resolution
up to pseudorapidities1 of 2.5. The detector will be 14 m high, 20 m long and will have a
weight of ∼1210 3 tons. Figure 2.5-b shows a three dimensional view of the CMS detector.
TOTEM (TOTal and Elastic Measurement) is an experiment dedicated to measure the
total pp cross section with the luminosity independent method and to study elastic scattering
and diﬀractive dissociation [7]. It was proposed later in 1997; having received favourable
consideration from the Research Board, a Technical Proposal was prepared in 1999 in which
the CMS experiment was identiﬁed as the optimal host experiment (Figure 2.6).
LHCb is an experiment dedicated to B physics [8]. The aim of the experiment is to fully
investigate CP violation in the Bd and Bs systems, and to possibly reveal new physics beyond
the Standard Model.
1Pseudorapidity deﬁnes the detector region in the polar angle variable; see deﬁnition in Par. 2.4.1, Equation
2.7.




Figure 2.5: a) Three dimensional view of the ATLAS experiment. b) Three dimensional
view of the CMS experiment. c) Three dimensional view of the LHCb experiment. d) Three
dimensional view of the ALICE experiment.
a) b)
Figure 2.6: a) Overall view of the CMS/TOTEM integration. b) Sketch of the CMS exper-
imental apparatus showing the integration of the TOTEM telescopes.
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2.3 Physics at the LHC
The high energy and luminosity of the LHC oﬀers a large range of physics opportunities, from
the precise measurement of the properties of the known objects, to the exploration of the high
energy frontier.
The main issue for the LHC is the search for the Standard Model (SM) Higgs boson or
a family of Higgs bosons when considering The Minimal Supersymmetric extension of the
Standard Model (MSSM). The new accelerator will allow the exploration of a mass range
from ∼100 GeV , which is the current lower bound, up to TeV scale. Searches for Super-
symmetry signals (detecting supersymmetric particles) or tests of alternative models are the
second physics goal of LHC project, while the very large statistics of events will make possible
also precision measurements on electroweak, heavy ﬂavours and QCD physics. Nevertheless,
limiting factors exist for physics at a pp collider, like for example event pile-up. The event
rate at LHC is dominated by QCD jet production. Since the cross section of QCD processes
grows faster with the centre-of-mass energy than the electroweak one, signal-to-background
ratios are extremely low. For example the production cross section of jets with transverse
momentum above 700 GeV is ﬁve orders of magnitude larger than the cross section for a
Higgs boson of mass 150 GeV . Therefore it is obvious impossible to detect a Higgs boson
decaying into jets at LHC, since such ﬁnal states are overwhelmed by the much larger jet rate.
2.3.1 The ATLAS Physics Programme
The ATLAS physics programme, discussed in the Letter of Intent [9] and in the Technical
Proposal [5] for the ﬁrst time, have guided the detector optimization procedure.
• Higgs boson search. The most challenging signatures were used as benchmark processes
for the setting of parameters that describe the detector performance. High-resolution mea-
surements of electrons, photons and muons, excellent secondary vertex detection for τ -leptons
and b-quarks, high-resolution calorimetry for jets and missing transverse energy are essential
to explore the full range of possible Higgs boson masses.
• Supersymmetry search. Searches for SUSY set the benchmarks on the hermeticity and the
missing transverse energy capability of the detector, as well as on b-tagging at high luminosity.
• New heavy gauge bosons search. Searches for new heavy gauge bosons provided bench-
mark requirements for high-resolution lepton measurements and charge identiﬁcation in the
pT range as large as a few TeV .
• Quark structure search. Signatures characteristic for quark compositness set the require-
ments for the measurement of very high-pT jets.
• SM precision measurements. The precision measurements of the W and top quark
masses, gauge boson couplings, CP violation and determination of the Cabibbo-Kobayashi-
Maskawa unitary triangle yielded benchmarks that address the need to precisely control the
energy scale for jets and leptons, determine precisely secondary vertexes, reconstruct fully
ﬁnal states with relatively low-pT particles and trigger on low-pT leptons.
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2.4 The ATLAS Detector: an Overview
The ATLAS detector, as most collision detectors, it is built in layers around the particle
interaction point. Figure 2.7 shows a three dimension overview on the whole ATLAS detector.
The detector will be a cylinder with a diameter of 22 m and a length of 44 m and will have
a weight of ∼6·103 tons. The central part is commonly referred to as “barrel”, the two outer
circular sections as “endcaps”.
Figure 2.7: Overall layout of the ATLAS detector.
2.4.1 Names and conventions
The beam direction deﬁnes the z -axis, and the x-y plane is the plane transverse to the beam
direction. The positive x -axis is deﬁned as pointing from the interaction point to the centre
of the LHC ring, and the positive y-axis is pointing upwards. The azimuthal angle φ is
measured around the beam axis, and the polar angle θ is the angle from the beam axis. The
pseudorapidity is deﬁned as
η = − ln tan(θ/2). (2.7)
The transverse momentum pT and the transverse energy ET , as well as the missing trans-
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verse energy EmissT and other transverse variables, are deﬁned in the x-y plane unless stated




Trajectories of charged particles can be described by ﬁve helix parameters in an ideal
uniform magnetic ﬁeld. The following helix parametrization in ATLAS, with all quantities
measured at the point of closest approach to the nominal beam axis x = 0, y = 0. Parameters
in x-y plane are:
1/pT - Reciprocal of the transverse momentum with respect to the beam axis.
φ - Azimuthal angle, where tan φ = py/px.
d0 - Transverse impact parameter, deﬁned as the transverse distance to the beam axis at
the point of closest approach; signed according to the reconstructed angular momentum of
the track about the axis.
Parameter in the R-z plane are:
cot θ - Cotangent of the polar angle, where cot θ = pz/pT .
z0 - Longitudinal impact parameter, deﬁned as the z position of the track at the point of
closest approach.
2.4.2 The Inner Detector
The Inner Detector [10] is the ATLAS subdetector located closest to the beam pipe and it
it obtained in the Central Solenoid magnet which provides a central ﬁeld of 2 T . Its main
purposes are the reconstruction of very short-lived particles, the search for secondary vertexes
and the determination of the exact position of the interaction point. The Inner Detector
layout is shown in ﬁgure 2.8.
Figure 2.8: A three dimensional view of the ATLAS Inner Detector.
Mechanically the Inner Detector consists of three units: a barrel part extending over ± 80
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cm, and two identical endcaps covering the rest of the cylindrical cavity. The Inner Detector
combines high-resolution elements in the inner part, contained within a radius of 56 cm,
with continuous tracking elements in the outer part, combining three diﬀerent technologies:
silicon pixel detectors closest to the beam pipe, surrounded by the SemiConductor Tracker
(SCT) and the Transition Radiation Tracker (TRT) in the outer part. The general support
and service region is located at the outermost radius. In the barrel region the high-precision
detector layers are arranged on concentric cylinders around the beam axis. The pixel layers are
segmented in Rφ and z, while the SCT detectors uses small angle stereo strips to measure both
coordinates. The barrel TRT straw tubes are parallel to the beam direction. All the endcap
tracking elements are located in panes perpendicular to the beam axis. The strip detectors
have one set of strips running radially and a set of stereo strips at an angle of 40 mrad. The
continuous tracking consists of radial straws arranged into wheels. The combination of these
technologies gives very robust pattern recognition.
Pixel Detector
The pixel detector [11] is designed to provide a very high-granularity, high-precision set of
measurements as close to the interaction point as possible. The system provides three preci-
sion measurements over the full acceptance, and it mostly determines the impact parameter
resolution and the ability of the Inner Detector to ﬁnd short-lived particles such as B-mesons
and τ leptons. The two-dimensional segmentation of the sensors gives space points without
any of the ambiguities associated with crossed strip geometries, but it requires the use of ad-
vanced electronic techniques. In addition the electronic elements must be radiation hardened
to withstand over 300 kGy of ionizing radiation and over 5·1014 neutrons per cm2 over ten
years of operation. The system contains 140 million detector elements, each 50 µm in the Rφ
and 300 µm in z.
Semiconductor Tracker
The SCT system is designed to provide eight precision measurements per track in the interme-
diated radial range, contributing to the measurement of momentum, impact parameter and
vertex position, as well as providing pattern recognition by the use of high granularity. The
barrel SCT is made of eight layers of silicon microstrip detectors to provide precision points
in the Rφ and z coordinates, using small angle stereo to obtain the z measurement. The de-
tector contains 61 m2 of silicon strips, with a pitch of 80 µm, for a total of 6.2 million readout
channels. The spatial resolution is 16 µm in Rφ and 580 µm in z, per module containing one
Rφ and one stereo measurement. Tracks can be distinguished if separated by more than ∼
200 µm.
Transition Radiation Tracker
The TRT system consists of 420,000 proportional drift tubes with a diameter of 4 mm. It
is divided into a barrel part and several forward wheels. The detector is operated with
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Xe : CF4 : CO2 gas mixture. The TRT is based on the use of straw detectors, which
can be operate at very high rates expected at the LHC. Straw tubes are small diameter
ionization detectors which use the principle of gas ampliﬁcation near a thin anode wire to
produce a visible signal from a small primary ionization. The TRT contributes signiﬁcantly
to the electron pion separation capability of ATLAS at low energies, in fact the intensity
of transition radiation produced by a particle crossing the boundary between two materials
with diﬀerent refractive indexes depends on its velocity, and thus it is diﬀerent for particles of
diﬀerent rest mass. At the same time TRT provides additional track information for charged
particle.
2.4.3 The Calorimeters
The ATLAS calorimetry ([12],[13] and [14]) consists of an electromagnetic calorimeter covering
the pseudorapidity region |η| < 3.2, a hadronic barrel calorimeter covering |η| < 1.7, hadronic
endcap calorimeters covering 1.5 < |η| < 3.2, and forward calorimeters covering 3.1 < |η| < 4.9.
A three-dimensional view of the calorimeters are shown in ﬁgure 2.9. Electrons and photons
are fully absorbed by the inner electromagnetic calorimeter; the hadron showers penetrate
further are almost completely absorbed by the following layers of the hadronic calorimeters.
Figure 2.9: A three dimensional view of the ATLAS Calorimeters.
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The Electromagnetic Calorimeter
The electromagnetic calorimeter is a lead/liquid-argon (LAr) detector with accordion-shaped
Kapton electrodes and lead absorber plates over its full coverage. The accordion geometry
provides complete φ symmetry. Over the pseudorapidity range |η| < 1.8, it is preceded by a
presampler detector, installed immediately behind the cryostat cold wall, and used to correct
for the energy lost in the material (Inner Detector, cryostats, coil) upstream of the calorimeter.
The barrel electromagnetic calorimeter is contained in a barrel cryostat, which surrounds
the Inner Detector cavity. The solenoid which supplies the 2 T magnetic ﬁeld to the Inner
Detector is integrated into the vacuum of the barrel cryostat and is placed in front of the
electromagnetic calorimeter. Two end-cap cryostats house the end-cap EM and hadronic
calorimeters, as well as the integrated forward calorimeter. The barrel and extended barrel
tile calorimeters support the LAr cryostats and also act as the main solenoid ﬂux return.
The lead thickness in the absorber plates has been optimized as a function of η in terms
of energy resolution. The LAr gap has a constant thickness of 2.1 mm in the barrel. In the
end-cap, the shape of the Kapton electrodes and lead converter plates is more complicated,
because the amplitude of the accordion waves increases with radius. The absorbers have
constant thickness, and therefore the LAr gap also increases with radius. The total thickness
of the electromagnetic calorimeter is > 24 radiation lengths ( X0 ) in the barrel and > 26%
X0 in the end-caps.
Over the region devoted to precision physics ( |η| < 2.5), the electromagnetic calorimeter is
segmented into three longitudinal sections. The strip section, which has a constant thickness
of ∼ 6 X0 (upstream material included) as a function of η, is equipped with narrow strips with
a pitch of ∼ 4 mm in the η direction. This section acts as a ‘preshower’ detector, enhancing
particle identiﬁcation and providing a precise position measurement in η. The middle section
is transversally segmented into square towers of size ∆φ×∆η =0.025 × 0.025. The total
calorimeter thickness up to the end of the second section is ∼ 24 X0, tapered with increasing
rapidity. The back section has a granularity of 0.05 in η and a thickness varying between 2 X0
and 12 X0. For |η| > 2.5, i.e. for the end-cap inner wheel, the calorimeter is segmented in two
longitudinal sections and has a coarser lateral granularity than for the rest of the acceptance.
The calorimeter cells point towards the interaction region over the complete η-coverage. The
total number of channels is ∼ 190000.
The Hadronic Calorimeter
The hadronic barrel calorimeter is a cylinder divided into three sections: the central barrel
and two identical extended barrels. It is based on a sampling technique with plastic scin-
tillator plates (tiles) embedded in an iron absorber [reference]. At larger pseudorapidities,
where higher radiation resistance is needed, the intrinsically radiation-hard LAr technology
is used for all the calorimeters: the hadronic endcap calorimeter, a copper LAr detector with
parallel-plate geometry, and the forward calorimeter, a dense LAr calorimeter with rod-shaped
electrodes in a tungsten matrix.
An important parameter in the design of the hadronic calorimeter is its thickness: it
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has to provide good containment for hadronic showers and reduce punch-through into the
muon system to a minimum. The total thickness is 11 interaction lengths ( λ ) at η =0,
including about 1.5 λ from the outer support, which has been shown both by measurements
and simulation to be suﬃcient to reduce the punch-through well below the irreducible level
of prompt or decay muons. Close to 10 λ of active calorimeter are adequate to provide good
resolution for high energy jets. Together with the large η -coverage, this will also guarantee a
good EmissT measurement, which is important for many physics signatures and in particular
for SUSY particle searches.
The large hadronic barrel calorimeter, Tile Calorimeter, is a sampling calorimeter using
iron as the absorber and scintillating tiles as the active material. The tiles are placed radially
and staggered in depth. The structure is periodic along z. The tiles are 3 mm thick and
the total thickness of the iron plates in one period is 14 mm. Two sides of the scintillating
tiles are read out by wavelength shifting ﬁbers into two separate photomultipliers. The tile
calorimeter is composed of one barrel and two extended barrels. Radially the tile calorimeter
extends from an inner radius of 2.28 m to an outer radius of 4.25 m. It is longitudinally
segmented in three layers, approximately 1.4, 4.0 and 1.8 interaction lengths thick at η =0.
Azimuthally, the barrel and extended barrels are divided into 64 modules. In η, the readout
cells, built by grouping ﬁbers into a photomultipliers, are ‘pseudo-projective’ towards the
interaction region. The resulting granularity is ∆η × ∆φ =0.1 × 0.1 (0.2 × 0.1 in the last
layer). The total number of channels is about 10000. The calorimeter is placed behind the
electromagnetic calorimeter ( ≈ 1.2 λ ) and the solenoid coil. The total thickness at the outer
edge of the tile-instrumented region is 9.2 λ at η =0.
2.4.4 The Muon Spectrometer
High-momentum ﬁnal-state muons are the most promising and robust signatures of physics
at the Large Hadron Collider. To exploit this potential,a high-resolution muon spectrometer
with stand-alone triggering and momentum measurement capability over a wide range of
transverse momentum, pseudorapidity, and azimuthal angle has been designed.
The Muon Spectrometer [15] is based on the magnetic deﬂection of muon tracks in the
large superconducting air-core toroid magnets, it is instrumented with separate trigger and
high-precision tracking chambers. Over the range |η| < 1.0, magnetic bending is provided
by the large barrel toroid. For 1.4 < |η| < 2.7, muon tracks are bent by two smaller endcap
magnets inserted into both ends of the barrel toroid. Over 1.0 < |η| < 1.4, usually referred to
as the transition region, magnetic deﬂection is provided by a combination of barrel and endcap
ﬁelds. This magnetic conﬁguration provides a ﬁeld that is mostly orthogonal to the muon
trajectories, while minimizing the degradation of resolution due to the multiple scattering.
The Muon Spectrometer forms the outer shell of the ATLAS detector and occupies by far
the largest part of its volume (Figure 2.10). It is located on the outside of the calorimeter
modules and it covers the space between approximately 4.5 m and 11 m in radius and 7 m and
23 m longitudinally on both sides of the interaction point. The total volume is approximately
16000 m3. In the barrel the muon chambers are arranged in three concentric cylinders around
the beam axis. The endcap chambers form four disks on each side of the interaction point,
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Figure 2.10: A three dimensional view of the ATLAS muon system, indicating where the
diﬀerent chamber technologies are used.
The two separate system with distinct functionality used are:
• Trigger: Resistive Plate Chambers (RPC) in the barrel region and Thin Gap Chambers
(TGC) for the endcap covering the spectrometer acceptance up to |η| = 2.4 (Figure 2.19).
Both types of chambers generate fast signals with a time resolution of a few nanoseconds
which are used for level-1 triggering and bunch crossing identiﬁcation. And they have
a spatial resolution of 5-20 mm, it is used in the pattern recognition algorithm and
provides the only measurement of the track coordinate in the non bending plane.
• Precision measurement: Monitored Drift Tube chambers (MDT) for 99.5 % of the area
and Cathode Strip Chambers (CSC) for the remaining (Figure 2.12), a very small for-
ward area where particle ﬂuxes are highest. Although small in physical size, this area
covers a large range in pseudorapidity (2.0 < |η| < 2.7). The precision chambers mea-
sure the track coordinates in the bending plane with high precision. For the MDTs no
information on the non bending coordinate and on the bunch crossing time is available.
The CSCs, however, do measure both quantities.
An optical alignment system have been designed to meet the stringent requirements on
the mechanical accuracy and the survey of the precision chambers.
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A brief overview of the diﬀerent muon spectrometer chambers and of the alignment system






Figure 2.11: A three dimensional view of the






Figure 2.12: A three dimensional view of the
precision chambers of the muon system.
Resistive Plate Chambers
The RPC is a gaseous detector providing a typical space-time resolution of 1 cm · 1 ns with
digital readout. The basic RPC unit is a narrow gas gap formed by two parallel resistive Bake-
lite plates, separated by insulating spacers. The primary ionization electrons are multiplied
into avalanches by a high, uniform electric ﬁeld of typically 4.5 kV/mm. The gas mixture
is based on tetraﬂuoroethane (C2H2F4) with some small admixture of SF6, a non-ﬂammable
and environmentally safe gas that allows for a relatively low operating voltage. The signal
is read out via capacitive coupling by metal strips on both sides of the detector. A trigger
chamber is made from two rectangular detector layers, each one read out by two orthogonal
series of pick-up strips: the ’η strips’ are parallel to the MDT wires and provide the bend-
ing view of the trigger detector; the ’φ strips’, orthogonal to the MDT wires, provide the
second-coordinate measurement which is also required for the oﬄine pattern recognition.
The RPC use no wires and therefore have a simple mechanical structure and are straight-
forward to manufacture. Each chamber is made from two detector layers and four readout
strip panels. To preserve the excellent intrinsic time resolution of the RPCs, the readout
strips are optimized for good transmission properties and they are terminated at both ends
to avoid signal reﬂections.
Thin Gap Chambers
The TGCs are similar in design to multiwire proportional chambers, with the diﬀerence that
the anode wire pitch is larger than the cathode-anode distance. Signals from the anode wires,
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arranged parallel to the MDT wires, provide the trigger information together with readout
strips arranged orthogonal to the wires. These readout strips are also used to measure the
second coordinate. The TGCs operated with a highly quenching gas mixture of 55 % CO2
and 45 % n-pentane (n−C5H12); the total gas volume is 16 m3 and this gas mixture is highly
inﬂammable and so it requires adequate safety precautions. The TGCs are constructed in
doublets and in triplets of chambers.
The electric ﬁeld conﬁguration and the small wire distance provide for a short drift time
and thus a good time resolution. Ageing properties of the chambers have been investigated in
detail and were found to be fully adequate for the expected operating conditions at the LHC.
Cathode Strip Chambers
The CSCs are multiwire proportional chambers with cathode strip readout and with a sym-
metric cell in which the anode-cathode spacing is equal to the anode wire pitch. The precision
coordinate is obtained by measuring the charge induced on the segmented cathode by the
avalanche formed on the anode wire. Good spatial resolution is achieved by segmentation of
the readout cathode and by charge interpolation between neighbouring strips. The cathode
strips for the precision measurement are orthogonal to the anode wires. Important charac-
teristics are small electron drift times (30 ns), good time resolution (7 ns), good two-track
resolution, and low neutron sensitivity. A measurement of the transverse coordinate is ob-
tained from orthogonal strips, which are oriented parallel to the anode wires. The baseline
CSC gas is a non-ﬂammable mixture of 80 % Ar, 20 % CO2, with a total volume of 1.1 m3.
The fact that this gas contains no hydrogen, combined with the small gap width, explains the
low sensitivity to neutron backgrounds.
Alignment System
Due to the large size of the muon system, relative chamber movements with respect to each
other of up to several millimeters can be expected when the toroid magnet is switched on or
as a consequence of temperature variations.
The optimum performance of the muon spectrometer can only be reached if the relative
positions of the chambers along the track of a muon is known to a precision better than
the intrinsic chamber resolution. The chamber alignment is therefore of prime importance.
Due to the large dimensions of the spectrometer no attempt is made to actively re-align the
chambers to the required precision. Instead the relative positions of the chambers within
projective towers of chambers are monitored by means of optical alignment systems and the
position information is used to correct the measured track coordinates in the oﬄine analysis.
All alignment systems are based on optical straightness monitors. Owing to geometrical
constraints, diﬀerent schemes (see Figure 2.13 and 2.14) are used to monitor chamber positions
in the barrel, in the end-cap, and the deformations of large chambers (‘in-plane alignment’).
For reasons of cost, optical monitoring in the barrel is foreseen only for the large sectors
of chambers. Chambers in the small sectors are aligned with particle tracks, exploiting the
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overlap with chambers in the large sectors. Alignment with tracks will also serve to cross-
calibrate the optical survey of the large sectors.
Very high accuracy is required only for the positioning of chambers within a projective
tower. The accuracy required for the relative positioning of diﬀerent towers to obtain adequate
mass resolutions for multimuon ﬁnal states is in the millimeter range. This accuracy is easily
achieved by the initial positioning and survey of chambers at installation time. The relative






Figure 2.13: Sketch of the in-plane align-
ment system with four light rays for a large
MDT chamber (on the left) and one light ray









Figure 2.14: Principle sketch of the axial
alignment system.
2.4.5 The Magnetic System
One of the prominent features of the ATLAS detector is its large magnetic system. The
ATLAS superconducting magnet system [16] is an arrangement of a central solenoid (CS)
providing the Inner Detector with magnetic ﬁeld, surrounded by a system of three large air-
core toroids (Figure 2.15) generating the magnetic ﬁeld for the Muon Spectrometer.
The overall dimensions of the magnet system are 26 m in length and 20 m in diameter.
The two endcap toroids (ECT) are inserted in the barrel toroid (BT) at each end and line up
with the CS. They have a length of 5 m, an outer diameter of 10.7 m and an inner bore of 1.65
m. The CS extends over a length of 5.3 m and has a bore of 2.4 m. The unusual conﬁguration
and large size make the magnet system a considerable challenge requiring careful engineering.
The CS provides a central ﬁeld of 2 T with a peak magnetic ﬁeld of 2.6 T at the supercon-
ductor itself. The peak magnetic ﬁelds on the superconductors in the BT and ECT are 3.9
and 4.1 T respectively. The performance in terms of bending power is characterized by the
ﬁeld integral
∫
Bdl, where B is the azimuthal ﬁeld component and the integral is taken on a
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straight line trajectory between the inner and outer radius of the toroids. The BT provides
2 to 6 Tm and the ECT contributes with 4 to 8 Tm in the 0.0-1.3 and 1.6-2.7 pseudorapid-
ity ranges respectively. The bending power is lower in the transition regions where the two
magnets overlap (1.3< |η| < 1.6).
Figure 2.15: A three dimensional view of the ATLAS Magnetic System.
Each of the three toroids consists of eight coils assembled radially and symmetrically
around the beam axis. The ECT coil system is rotated by 22.5◦ with respect to the BT coil
system in order to provide radial overlap and to optimize the bending power in the interface
regions of both coil systems (Figures 2.16 and 2.17).
The magnets are indirectly cooled by forced ﬂow of helium at 4.5 K through tubes welded
on the casing of the windings.
2.4.6 The Trigger Scheme and the Data Acquisition System
The ATLAS trigger and data-acquisition (DAQ) system is based on three levels of online event
selection ([17],[18] and [19]). Each trigger level reﬁnes the decisions made at the previous level
and, where necessary, applies additional selection criteria. Starting from an initial bunch-
2.4 The ATLAS Detector: an Overview 45
Figure 2.16: Magnetic ﬁeld map in the transition region. The ﬁeld lines are shown in a
plane perpendicular to the beam axis and located in the middle region of an endcap toroid.
The interval separating consecutive lines is 0.1 Tm. Individual barrel and endcap coils are
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Figure 2.17: Toroid bending power
∫
Bdl of the azimuthal ﬁeld component, integrated between
the ﬁrst and the last muon chamber, as a function of pseudorapidity. The curves correspond
to azimuthal angles equally spaced between the barrel toroid and endcap toroid coil planes.
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crossing rate of 40 MHz (interaction rate of ∼ 109 Hz at a luminosity of 1034cm−2s−1),
the rate of selected events must be reduced to ∼ 100 Hz for permanent storage. While this
requires an overall rejection factor of 107 against ‘minimum-bias’ events, excellent eﬃciency
must be retained for the rare new physics processes, such as Higgs boson decays, which will
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Figure 2.18: Block diagram of the Trigger/DAQ system.
The Level-1 Trigger
The level-1 (LVL1) trigger [17] makes an initial selection based on reduced-granularity infor-
mation from a subset of detectors. High transverse-momentum (high-pT ) muons are identiﬁed
using only the trigger chambers, RPCs in the barrel, and TGCs in the end-caps (Figure 2.19).
The calorimeter selections are based on reduced-granularity information from all the calorime-
ters (EM and hadronic; barrel, end-cap and forward). Objects searched for by the calorimeter
trigger are high-pT electrons and photons, jets, and τ -leptons decaying into hadrons, as well
as large missing and total transverse energies. The LVL1 trigger decision is based on combina-
tions of objects required in coincidence or veto. Most of the physics requirements of ATLAS
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can be met by using, at the LVL1 trigger level, fairly simple selection criteria of a rather
inclusive nature. However, the trigger implementation is ﬂexible and it can be programmed
to select events using more complicated signatures.
The maximum rate at which the ATLAS front-end systems can accept LVL1 triggers is
limited to 75 kHz (upgradable to 100 kHz). An essential requirement on the LVL1 trigger
is that it should uniquely identify the bunch crossing of interest. Given the short (25 ns)
bunch-crossing interval, this is a non-trivial consideration. In the case of the muon trigger,
the physical size of the muon spectrometer implies times-of-ﬂight comparable to the bunch-
crossing period. For the calorimeter trigger, a serious challenge is that the pulse shape of the
calorimeter signals extends over many bunch crossings.
Figure 2.19: Level-1 muon
trigger scheme. A low-pt trig-
ger (pt > 6 GeV) requires a
coincidence of hits in two trig-
ger chambers while for a high-pt
trigger (pt > 20 GeV) hits in 3
planes are needed.
It is important to keep the LVL1 latency (time taken to form and distribute the LVL1
trigger decision) to a minimum. During this time, information for all detector channels has to
be conserved in ‘pipeline’ memories. Events selected by LVL1 are read out from the front-end
electronics systems of the detectors into readout drivers (RODs) and then into readout buﬀers
(ROBs). All the detector data for the bunch crossing selected by the LVL1 trigger are held
in the ROBs, either until the event is rejected by the level-2 (LVL2) trigger (in which case
the data are discarded), or, in case the event is accepted by LVL2, until the data have been
successfully transferred by the DAQ system to storage associated with the Event Filter (EF),
which makes the third level of event selection. The process of moving data from the ROBs
to the EF is called event building. Whereas before event building each event is composed of
many fragments, with one fragment in each ROB, after event building the full event is stored
in a single memory accessible by an EF processor.
The Level-2 Trigger
The LVL2 trigger makes use of ‘Region-of-Interest’ (RoI) information provided by the LVL1
trigger. This includes information on the position and PT of candidate objects, and energy
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sums. The RoI data are sent by LVL1 to LVL2, for all events selected by the LVL1 trigger,
using a dedicated data path. Using the RoI information, the LVL2 trigger selectively accesses
data from the ROBs, moving only the data that are required in order to make the LVL2
decision. The LVL2 trigger has access to all of the event data, if necessary with the full
precision and granularity. However, typically only data from a small fraction of the detector,
corresponding to limited regions centered on the objects indicated by the LVL1 trigger, are
needed by the LVL2 trigger. Hence, usually only a few per cent of the full event data are
required thanks to this RoI mechanism. It is expected that LVL2 will reduce the rate to ∼
1 kHz. The latency of the LVL2 trigger is variable from event to event and it is expected to
be in the range 1-10 ms.
In the case of muon triggers, the rejection power at LVL2 comes from sharpening (and,
where necessary, raising) the PT threshold compared to LVL1, and from applying isolation
requirements. Sharper PT thresholds are obtained by using the precision muon chambers and
the ID. The isolation requirements use the calorimeter information in a region around the
muon candidate.
The High-Level Trigger
After LVL2, the last stage of the online selection is performed by the EF. It will employ
oﬄine algorithms and methods, adapted to the online environment, and use the most up to
date calibration and alignment information and the magnetic ﬁeld map. The EF will make
the ﬁnal selection of physics events which will be written to mass storage for subsequent full
oﬄine analysis. The output rate from LVL2 should then be reduced by an order of magnitude,
giving ∼ 100 Hz, corresponding to an output data rate of ∼ 100 MB/s if the full event data
are to be recorded.
2.5 Summary
In this chapter the Large Hadron Collider (LHC) project was introduced and the ATLAS
detector and its subsystems were described in some detail.
The LHC is a proton-proton collider at a centre-of-mass energy
√
s = 14 TeV with a design
luminosity of 1034 cm−2s−1. The collider will have a second period of runs with heavy-ion
collisions with a centre-of-mass energy of 1148 TeV . Once in operation it will allow to explore
new physics at the TeV scale and to perform detailed Standard Model studies.
At four interaction regions along the LHC ring, the protons bunches will collide against
each other. Around these collision points, four experiments are being constructed, among
which ATLAS (A Toroidal LHC ApparatuS), that is a general purpose 4π detector.
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Chapter 3
The Atlas Monitored Drift Tubes
In this chapter some more information about the Muon Spectrometer are reported and the
Monitored Drift Tube Chambers are presented [1]. The working principle of drift tubes is
discussed. The background conditions expected at the LHC are also reported.
3.1 The MDT Chambers
The Monitored Drift Tube Chambers perform the precision coordinate measurement in the
bending direction of the air-core toroidal magnet and therefore provide the muon momentum
measurement. They cover almost the entire area of 5500 m2 which is needed for a good
momentum determination of the muons at |η| < 2.7. In the innermost plane of the two
endcaps, where the background is highest, they are replaced by CSC (as described in Par.
2.4.4).
The muon spectrometer is designed to perform measurements with a momentum resolution
∆p/p < 1 · 10−4 × p/GeV , for pT> 300 GeV ; at smaller momenta the resolution is limited to
a few percent by multiple scattering in the magnet and the detector structure, and by energy
loss ﬂuctuations in the calorimeters. To achieve this resolution by a three-point measurement,
with the size and bending power of the ATLAS toroids, each point must be measured with
an accuracy better than 50 µm. This sets the scale for the requirements on the intrinsic
resolution, the mechanical precision, and the survey accuracy of the muon chambers. The
coordinates of of a muon track in the plane of the layer and in the direction across the tubes
are determined by registering the drift times of the ionization electrons in the gas; this results
in a measurement of eﬀectively one coordinate with 40 µm precision. To obtain such precision
with a lightweight construction the chambers are assembled on their support or ’spacer’ frame
using precision mechanics during production. Their deformations are monitored by built-in
optical systems once they have left the ﬂat granite table on which they have been assembled.
This explains the “Monitored” of the MDTs.
The chamber design must guarantee reliability and stability of construction and operation
for the foreseen lifetime of the experiment in an high background environment.
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3.1.1 Name and Convections
To facilitate the orientation within the Muon Spectrometer the following nomenclature is
used:
• Region: two regions are distinguished, the barrel (B) at | η |< 1 and endcap (E) at
| η |> 1. In the endcaps the chambers are subdivided into an inner and outer ring; the outer
ring is labeled E (as external) and the inner ring is referred to as forward (F).
• Station: location of a chamber or a group of chambers; the stations names are: inner
(I), extra (E), middle (M) and outer (O).
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Figure 3.1: Naming and counting scheme for chambers in even sectors (on the left) and in
the odd sectors (on the right).
• Sector: the system is subdivided into 16 sectors. Sector correspond to azimuthal regions
deﬁned by the barrel magnet structure: regions between barrel coils (odd sector numbers) and
the regions covered by the barrel coils (even sector numbers). See ﬁgure 3.2.
















• Side: the two detector hemispheres (A and C) as deﬁned in the global ATLAS coordinate
system (see Par. 2.4.1) by the positive and negative z -direction.
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• Projective towers: an ensemble of all chambers in a common solid angle as seen from
the interaction point. This concept is used in the alignment, trigger and readout implemen-
tation.
3.1.2 Chamber Layout
The MDT Chamber usually consists of two multilayers (ML), numbered 1 and 2 with ML1
being the ML closest to the interaction point. The two multilayers are separated by a ’spacer’
and support structure; a spacer structure is made of three cross-plate perpendicular to the
tubes and located at the two ends and in the middle of the tubes. Each ML consists of three
or four (for the inner chambers1) layers of drift tubes. In a few spacial areas chambers without
spacer structure and of diﬀerent design are used. The length (dimension in the z-direction) of
a chamber is deﬁned number of tubes per layer. The total width of a MDT chamber is given
by the tube length plus the size of the electronics box. The electronics box or Faraday cage
houses the front-end MDT electronics [2] which consists of printed circuit boards carrying the
ASD chips and serving 24 tubes (this board is also called ’hedgehog board’) and on top of the
hedgehog board a ’mezzanine card’ with the TDC (and ADC output also).
Figure 3.3: Schematic view of a standard
MDT barrel chamber. In each multilayer
the MDTs are stacked in either four (in-
ner station) or three (middle and outer sta-
tions) layers. The chambers in the endcap
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Figure 3.4: Naming and numbering conven-
tions within a MDT chamber.
MDT chambers are labelled as XYZ; X denotes whether the chamber is located, in the
barrel (B) or in the endcap (E); Y stands for the muon station: (I)nner, (M)iddle or (O)uter;
while Z speciﬁes whether a chamber spans the region between two toroid coils ((L)arge) or
whether it is found in line with one of them ((S)mall).
1The innermost shell of MDT chambers is equipped with eight rather than six layers of tubes in order to
improve pattern recognition.
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3.1.3 Gas Distribution System
In the MDTs, as in any drift chamber, variations of the fundamental properties of the gas, such
as pressure, temperature and composition, have important eﬀects on the tracking precision.
Drift velocity and gas gain are quite sensitive to the density. Also the attenuation of drifting
electrons depends on the gas composition. Finally the lifetime of the tubes, limited by the
gradual formation of insulating deposits on the anode and cathode surfaces, is sensitive to
the presence of certain chemicals. So, the gas system is designed to guarantee a very high
stability of the operating conditions, as well as a maximum control of pressure, temperature
and composition of the gas.
The MDT gas system [3] has to supply approximately 380000 pressurized drift tubes,
which are grouped into about 1200 chambers of diﬀerent size, with the operational gas, which
is a mixture of argon and carbon dioxide (93%-7%), with the addition of a small quantity of
water vapor.
Mainly ﬁnancial reasons forbid an operation of the full ATLAS MDT system in vented, one-
pass mode. A daily gas refreshing rate of 10 % of the total detector volume per day has been
chosen as the baseline. The gas circulation rate in the MDT detector will be 1 volume/day,
based on the concept that any contamination, whether by irradiation eﬀect on the gas, or by
any leaks in the system, is thus diluted and its impact on the detector performance reduced.
The gas will be circulated in a closed system and the main system components are:
• Gas Mixer: its basic function is to mix the three mixture components with high accuracy
in the right proportions and to supply the mixture at the required ﬂow rate to the gas
circulation loop.
• Circulation System: the gas coming back from the chambers must be recompressed for
feeding through the puriﬁers and it is reinjected by a high-speed turbine compressor
from ATEKO [4]. In order to obtain a circulation rate of one volume per day, the gas
will be circulated at 100 Nm3/h. A ﬁlter is used after the compressor to prevent dust
from proliferation into the gas circuit.
• Gas Puriﬁers: these modules consist of cartridges ﬁlled with metal catalyst (Copper or
Nickel) on a porous carrier material (graphite or AlO3). To avoid that the carrier absorbs
water by physical adsorption, the puriﬁer will be heated during running conditions.
• Distribution System: the gas arriving in the cavern is distributed to the chambers and
recollected on the output. The entire distribution system consists of 15 sub-distribution
systems, and each of the distribution sub-units supplies gas to a group of chambers and
regulates their pressure with an accuracy of 0.1%.
3.1.4 The On-Chamber Gas System
The on-chamber gas distribution system supplies the gas from a single input directly to each
tube and collect their output in a single output: this kind of distribution is called fully parallel.
The input and the output lines of the gas ends into two volumes called gas bar. Each tube
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is connected to these gas bar with the help of stainless steel tubelets which end in plastic
“jumpers”, as showed in ﬁgure 3.5. Each jumper ﬁts over an MDT endplug.
Figure 3.5: Tubelets needed for the tube connection to the gas bar.
The use of sealant compounds and of glue was avoided to minimize the risk of chamber
ageing due to contaminations.
In table 3.1 the MDT gas system speciﬁcations are summarized.
Parameter Value
Total Volume 754 m3
Operating pressure 3 bar abs.
Number of chambers 682 (barrel) 512 (endcap)
Number of gas channel 112 (barrel) 162 (endcap)
Gas circulation 1 volume/day
⇒ Circulating ﬂow ∼ 100 Nm3/h
Refreshing rate 10% of total volume/day
⇒ Fresh ﬂow ∼10 Nm3/h
Leak rate ≤ 0.1 Nm3/h
Impurities ≤ 100 ppm O2
Water content ∼ 500 ppm (max 1000 ppm)
Materials and components oil-lubricant free, no silicon
Table 3.1: The MDT gas system speciﬁcations.
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3.2 The Monitored Drift Tubes - MDTs
The basic detection elements of the MDT chambers are aluminium tubes of 30 mm diameter
and 400 µm wall thickness, with a 50 µm diameter central W −Re wire (Figure 3.6) and two
endplugs which close oﬀ the MDT at both ends (Figure 3.7).
Figure 3.6: An exploded view of an MDT tube.
In addition to sealing the two ends of the MDTs, the endplugs provide electrical insulation
between the high voltage carrying anode wire and the outer tube wall; they further ﬁxate and
position the wire with respect to the aluminium tube and they allow the connection of the
MDT to the gas distribution and ti the front-end electronics. The precisely machined outer
surface of the endplug is used during chamber assembly to control the relative position of the
wires to the required 20 µm level. The single-wire resolution is ∼ 80 µm. The tube lengths
vary from 70 cm to 630 cm.
Figure 3.7: Photograph of an MDT endplug
[5]. The hole in the brass part is used to supply
the gas during operation. The copper crimp pin
ﬁxates the anode wire in the assembled drift tube.
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The tubes are operated with a non-ﬂammable mixture of 93% Ar and 7% CO2 at 3 bar
absolute pressure and the wire is at a potential of 3080 V . The chosen working point provides
for a non-linear space–time relation with a maximum drift time of ∼ 700 ns, a small Lorentz
angle, and excellent ageing properties.
Table 3.2 summarizes some operating parameters of the MDT.
Parameter Design value
Outer tube radius 14.985 mm
Wall thickness 400 µm
Tube material Al
Anode wire radius 25 µm
Anode wire material W-Re alloy (97:3), gold plated
Anode wire resistance 44 Ω/m
Gas mixture ArCO2(93:7)
Gas pressure 3 bar abs.
Gas gain 2 ·104
High voltage 3080 V
Maximum drift time 700 nm
Table 3.2: The MDT operating parameters.
3.2.1 Principle of Operation
Drift tubes are gas-ﬁlled ionization detectors which operate in proportional mode. The thin
anode wire is supplied with a high voltage of typically a few kV , while the metallic tube wall
is grounded. Electrons and ions created in pairs by a traversing ionizing particle drift towards







where V is the anode wire potential, b the tube and a the wire radius. Close to the wire
the electric ﬁeld is suﬃciently high for the drifting electrons to gain enough kinetic energy
to cause secondary ionization; the total number of electron-ion pairs increases by a factor G
known as gas gain or gas ampliﬁcation. For the Atlas MDTs the nominal gas gain was chosen
as 2 · 104, to minimize the eﬀect of ageing.
Ionization
Muons: for muons and other charged particles the average energy loss when traversing a
material layer of thickness dx is described by the Bethe-Bloch formula [6]:
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with K = 0.31 MeV g−1cm−2. In this equation ρ is the density, Z the atomic number and
A the mass number of the absorbing material; z is the charge of the traversing particle. The
dimensionless parameters β and γ are deﬁned in the standard way as γ = E/(mc2) and
β2 = 1−1/γ2. Kmax is the maximum kinetic energy which can be imparted to a free electron
in a single collision; I is the mean excitation potential of the absorbing material. Formula
3.2.1 describes the mean energy loss of a particle in matter; ﬂuctuations around the average
value can be signiﬁcant. In the case of a thin absorber, i.e. in particular for gases, the actual
energy deposition follows a Landau distribution [7]. The average energy needed to ionize a
single argon atom is:
np = 26eV, (3.3)
and this energy is, more or less, independent of the type of ionizing particle. In a fraction of
events the produced electron has enough energy to cause secondary ionization itself, usually
very close to the point of the original interaction. This leads to the formation of electron-ion
clusters along the particle trajectory. In some cases the electron produced has an energy high
enough to travel a macroscopic distance, the so-called delta -electrons. A consequence of both
the cluster size ﬂuctuations and the ﬁnite distance between the points of ionization is that
muon signals of a drift tube typically show more than one maximum (Figure 3.8); this is in
particular true for tracks close to the wire for which the drift distance is largely diﬀerent for
electrons produced close to the tube wall and in the middle of the track.
Figure 3.8: Signal generated by a muon in a
MDT [5]. Muon tracks typically generate signals
with several maxima, if the track is not too close
to the tube wall; these are caused by diﬀerent ion-
ization clusters along the muon trajectory.
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Photons: Photons below 1.02 MeV can interact with the operating gas or the tube wall
of an MDT either by the photo-electric eﬀect or by Compton scattering. In the ﬁrst case,
which dominates at low energies, the full photon energy Eγ is transferred to a single electron;
for Eγ< 25 keV the range of the produced photo electron in argon at 3 bar is of the order
of a few millimeters maximum (for example: for a 25 keV electron the range is 4.5 mm).
The consequence is that the full photon energy is deposited in the drift gas over a relatively
small path length and the MDT signal of such interactions shows a single peak without the
multiple maxima typical of muons. Measured pulse charge spectra are usually Gaussian in
shape; (mono-energetic) γ -sources of a few tens of keV energy (like 109Cd, or 241Am) are
therefore well suited for pulse height studies.
Figure 3.9: Signal generated by a 22 keV pho-
ton from a 109Cd in a MDT [5]. The signal shows
a single peak structure.
Figure 3.10: Signal generated by a 660 keV
photon from a 137Cs in a MDT [5]. The signal
looks like a muon signal (Figure 3.8) and it is
typical of photons interacting via Compton scat-
tering.
Electron and Ion Drifts
The movement of the primary electrons produced along the trajectory of a charged particle
traversing a drift tube is governed both by the electric ﬁeld (Equation 3.2.1), and by frequent
collisions with the molecules of the operating gas. The drift process can be described by the
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so called rt-relation r(t) which for each track distance r from the wire gives the corresponding
time t the fastest electrons need to reach the anode and produce a signal. An accurate
knowledge of the rt-relation, in the case of the Atlas MDTs to a level of <20 µm, is a
prerequisite for using drift tubes to precisely reconstruct particle tracks. The rt-relation is
highly dependent on the chosen operating gas and on the operating parameters. The MDT
mixture, Ar : CO2(93:7), belongs to the group of so-called nonlinear drift gases for which
the electron drift velocity vdrift is not independent of the reduced electric ﬁeld strength E/ρ
where ρ is the gas density. It immediately follows that vdrift is not constant over the cross
section of the tube. Figure 3.11) shows the rt-relation in absence of a magnetic ﬁeld.
t (ns)














In the magnetic ﬁeld the wires are oriented essentially parallel to the ﬁeld lines. The
magnetic eﬀect on the rt-relation is through a small deviation away from a radial drift and a
small reduction of the apparent drift velocity; the size of this shift depends on the gas and on
the ﬁelds.
The presence of certain admixtures in the gas even at concentrations of a few hundred
to a few thousand parts per million can have a large impact on the drift process, either by
changing the transport parameters itself or due to electron capture. The latter will result in
a loss of signal height, especially for long drift distances. The most common trace impurities
are oxygen, nitrogen and water. Oxygen and nitrogen will usually get into the active volume
of a drift chamber through small leaks in the detector itself or in the gas system. Water is
ubiquitous in almost any system due to outgassing and surface desorption eﬀects. A second
mechanism for the accumulation of water is by diﬀusion through plastic materials which are
often permeable for H2O molecules to a greater or lesser extent. Trace levels of oxygen or air
in Ar : CO2 drift mixtures have only a small inﬂuence on the electron transport. The main
problem with O2 is its large electro-negativity and thus a high aﬃnity towards electrons.
Its concentration in a drift gas has to be well controlled in order to avoid a large signal
attenuation. For the Atlas MDTs the maximum oxygen concentration permitted is 100 ppm.
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The majority of drifting ions in an MDT is produced during the gas ampliﬁcation process
close to the anode wire. The small fraction of ions which are created directly during the
primary ionization process is negligible for a gas gain of 2 · 104. Typical ion drift velocities
vion are of the order of a few mm/ms. For small ﬁeld strengths, vion is proportional to the
electric drift ﬁeld E:
vion = µ · E
p
(3.4)
where µ is a constant, the ion mobility, and p is the gas pressure.
The Gas Amplification
Close to the wire the electric ﬁeld strength becomes suﬃciently large for the drifting electrons
to gain enough kinetic energy to cause secondary ionization, as already mentioned. The gas
ampliﬁcation process follows the relation:
dN = α ·N · ds (3.5)
where dN is the number of electrons produced by the multiplication in a small drift distance
ds the gas and it is proportional to N , the number of already existing electron-ion pairs, and
to the factor α, the ﬁrst Townsend coeﬃcient which depends strongly on the gas used, the
electric ﬁeld E and the gas density ρ. For drift tubes with a typical electric ﬁeld E between
102 and 103 V/(cm ·Torr) near the anode wire, an analytic formula for the gas gain G can be
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which is known as “Diethorn formula”. As in equation 3.2.1 a is the wire radius, b the tube
radius and V the applied voltage. For a given gas the two constants ∆V and Emin must be
obtained experimentally. Emin can be interpreted as the minimum electric ﬁeld at a given gas
density ρ0 at which the gas ampliﬁcation process sets in.




with an estimated accuracy of ±10% for a ρ0 of 1 bar and a temperature of 25 C [8].
Signal Formation
When an electron drifts in the high-ﬁeld region, an avalanche process sets up producing ion-
electron pairs. The positive ions cloud moves from the avalanche zone towards the cathode
while the electrons drift to the wire, inducing a current in the anode wire. If the anode is kept
at a constant potential V , the current induced i from a moving charge q can be calculated by
the Ramo theorem [9]:
i(t) = − q
V
· v(t) · E(r(t)) (3.8)
where V is the potential, v its velocity and E the electric ﬁeld. The equation 3.8 is a simple
consequence of energy conservation, with the minus sign being convention. Since the drift
distance covered by the electrons is about 100 µm, from the ampliﬁcation zone near the wire
to the wire itself, the signal induced by the electrons is a sharp spike of about 100 ps containing
very little charge. Thus the contribution of electrons at the total signal is negligible compared
to the contribution of the ions. Substituting in equation 3.8 the ion velocity vion, the signal
induced by a single ion is:
i(t) = − q




where t0 = a
2
2µV · ln(b/a) and t varies from 0 to tmax, which is the arrival time of the ion at the
cathode (some ms). The current signal is then read out from one side of the tube, ampliﬁed,
shaped and then sent to a discriminator.
3.3 The ATLAS Background environment
The physics performance of the Muon System depends strongly on the level of background
recorded in the active elements. The main source of this background is from particles produced
in the interaction of primary hadrons from proton-proton collisions with the material of the
detector (especially the calorimeters and the toroid structures), and with machine elements
such as the collimators and the beam pipe.
The particles are neutrons (Figure 3.12), low-energy photons originating from neutron
capture, and charged particles. The neutrons mostly have thermal energies, while the photons
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(Figure 3.13) are concentrated in the 200 keV to 2 MeV energy range. The interaction of
these photons with the detector material (aluminium in the case of precision chamber, or
Bakelite in the case of the trigger detectors) produces signals in the sensitive volume of the
chambers via the Compton eﬀect with a probability of about 10−2 [10]. Neutrons have a
much lower probability to produce a direct signal in the muon detectors, but are directly
responsible for the photon ﬂux. The charged particle background consists mainly of muons,
charged pions, protons, electrons and positrons. The muons and pions are produced mostly in
K0 decays, while the protons emerge from neutron spallation processes. Hadrons and muons
have a typical momentum of 100 MeV .
Figure 3.12 and ﬁgure 3.13 (and ﬁgure 3.14 shows the full quadrant of ATLAS detector
as simulated by the radiation background simulation program, GCALOR) show the neutron
and photon ﬂuxes as reported by the ATLAS radiation background task force [11].
Referring to ﬁgure 3.13, photon rates are highest in the region close to the beam pipe, in
particular in the two innermost endcap station (Figure 3.14).
Figure 3.12: The neutron ﬂux in the GCALOR baseline geometry [11] for a luminosity of
1034 s−1cm−2. Neutron rates are highest next to the interaction point.
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Figure 3.13: The photon ﬂux in the GCALOR baseline geometry [11] for a luminosity of
1034 s−1cm−2. Photon rates are highest in the innermost part of the inner endcap station.
Figure 3.14: A full quadrant of the ATLAS detector as modelled by GCALOR simulation
program [11].
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3.3.1 MDT rate capability requirements
The sum of expected neutron, photon and charged particle count rates in the Muon Spec-




















Figure 3.15: Total counting rates in the
three MDT chamber stations as a function
of pseudorapidity at a luminosity of 1034
s−1cm−2.
The main cause of possible degradation of MDTs is the large amount of charge deposited
on the anode wire. This charge is the integral of primary charge times the gas over time:
Q =
∫
(R ·Ne · d ·G · e)dt (3.10)
where R is the particle rate, Ne is the number of primary electrons produced per incident
particle, d is the tube diameter, G is the gas gain and e is the electron charge in Coulomb.
The average number of expected primary electrons per photon event, which depends on
the photon energy, is [1]:
Ne = 1235, (3.11)
to be compared to about 750 primary electrons produced for a minimum ionizing muon. The
average photon eﬃciency is approximately 5 · 10−3.
MDT neutron detection probabilities are typically smaller by a factor 10, as has been
veriﬁed experimentally both for thermal [12] and fast neutrons [13].
The highest rate, in the innerpart of the endcap inner station, is approximately 100
Hz/cm2. Based on this result the MDTs must be able to sustain without signiﬁcant degra-
dation of their performance the maximum rate deﬁned as:
Rmax = 5 · 100Hz/cm2 = 5 · 300Hz/cm (3.12)
in which the factor 5 with respect to the actual prediction was introduced to allow for uncer-
tainties in the background simulations as well as for changes in the shielding design and for a
potential luminosity upgrade in the future.
66 The Atlas Monitored Drift Tubes
So, during the 10 years of LHC operations(108s), it will be reached a maximum accumu-
lated charge of
Qmax = 5 · R ·Ne · d ·G · e · t = 0.576C/cm  0.6C/cm (3.13)
assuming a gas gain of 2·104 and treating all background events as photons (Formula 3.11).
3.4 Summary
In the Muon Spectrometer for the precision measurements of the muon tracks in the main
bending direction of the magnetic ﬁeld, Monitored Drift Tube chambers are mainly used,
except for the innermost ring of the endcap inner station, where particle ﬂuxes are highest.
The Muon Spectrometer is designed to perform measurements with a momentum resolution
∆p/p < 1× 10−4 × p/GeV , for pT> 300 GeV .
In this chapter the gas distribution system for the muon chamber was described and the
working principle of drift tubes was discussed.
At the end of the chapter the background conditions expected at the LHC were also
reported.
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Ageing Studies on the Drift Tubes
of the Muon Spectrometer
This chapter summarizes the results of ageing studies performed on ATLAS MDT chambers
and on a prototype of the ATLAS gas recirculation system from September 2003 till May
2004 at the CERN Gamma Irradiation Facility (GIF). In 2002-2003 and 2003-2004 ageing
tests the conditions diﬀered signiﬁcantly from previous ageing studies which were typically
performed with single tubes in a dedicated laboratory setup and with a simple ﬂushing gas
system.
The 2002-2003 ageing test [1],[2] on an ATLAS MDT chamber of type BIS [3], performed to
validate the ﬁnal ATLAS high speed gas circulator ATC (Argon Turbo Circulator [4]), revealed
a loss in performance of MDTs operated under gas recirculation due to Silicon pollution. The
test also revalidated the Ar:CO2 mixture and the materials used in MDTs construction as
ageing-free, since MDTs operating in ﬂushing mode did not show any ageing behavior. Further
analyses made on the BIS multilayer aﬀected by ageing and on gas system components showed
the source of Silicon to be the sealing material of three valves in the gas system. This result
was the reason to perform another ageing test with the same gas recirculation system after
its careful cleaning. The aim was to ﬁnally validate the ATC and to certiﬁcate the cleaning
and assembly procedures and the proper functionality of some gas system components.
Another goal of the 2003-2004 test was to verify the standard behaviour of “reconditioned”
MDTs, such as those tubes cured from the problem of self-sustained dark currents.
For this new test the same ATLAS MDT chamber of type BIS (Beatrice) and two small
chambers with four layers of six tubes each, commonly referred to as “bundles”, have been
installed in the X5/GIF area at CERN. One of the two bundles was made of reconditioned
tubes, the other one was mounted as comparison. The chambers were exposed to intense
γ-radiation from a 630 GBq 137Cs source, emitting 662 keV photons for 6.5 days per week
and during the remaining half a day reference runs were taken.
An accumulated charge equivalent to 5 years of LHC operation (including the safety
factors 5 to allow for uncertainties in the estimated background) was reached. The study
was performed with chambers under gas circulation using the gas circulator ATC and all the
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gas system components carefully cleaned.
The test set-up, the DAQ and the analysis chain were changed with respect to the previous
ageing test, to maximize the sensitivity on the MDTs performances at diﬀerent positions along
the wire. To check their uniform response along the wire, the pulse height generated in the
tubes by the signals of two movable 241Am γ-sources was monitored during weekly reference
runs.
4.1 The Gamma Irradiation Facility - GIF
The Gamma Irradiation Facility - GIF - is an experimental zone located in the West Area
at CERN in which an intense radioactive 137Cs source (740 GBq initial activity) and a weak
muon beam line from the SPS accelerator (X5 ) are present to test LHC detectors under
conditions very similar to the operating environment at the Large Hadron Collider. A sketch
map of the GIF zone is shown in ﬁgure 4.1.
Figure 4.1: Sketch map of X5/GIF test beam zone at CERN West Area.
The radioactive 137Cs source emits photons of 662 keV energy. A set of movable lead
ﬁlters are located in front of the source and they can be used to adjust the photon ﬂux over
a range of several orders of magnitude.
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4.2 The “Ageing” Problem
Due to the complexity of the ATLAS detector design, the need to change a muon spectrometer
chamber after some time of operation in case of a failure will be dangerous in term of time
consuming and diﬃculty, or practically impossible. A careful study of the factors limiting
drift tubes lifetime is therefore essential. Typical eﬀects of degradation with time are gas gain
losses, decrease in resolution or eﬃciency, excessive currents and formation of sparks. The
various eﬀects are radiation induced, not reversible by a simple gas exchange and aﬀect the
tube normal operation, and they are summed up in the expression “ageing”.
4.2.1 Wire Chamber Ageing Mechanism
Ageing eﬀects observed in wire chambers are normally due to deposits on either the anode or
the cathode surfaces. Thin coatings on the anode wire surface, which can be insulating or not,
lead to a loss in gas gain, as it is possible to see regarding the Diethorn’s formula (Equation
3.7). Deposits on the cathode have no direct impact on the gas gain; they can however be the
cause for spontaneous discharges and self-sustained currents via a mechanism known as the
Malter eﬀect [5].
Laboratory ageing studies are normally performed on a time scale far smaller than the foreseen
lifetime of the detector, leading to an “extrapolation” to the real LHC conditions. Also it is
not clear how the ageing of a drift tube scales with the gas ﬂow, which can often be adjusted
over some range. Usually it is assumed that the ageing rate is lower for a higher ﬂux, but it is
true only if the ageing is due to the formation of deposits from long-lived or stable molecules,
i.e. with a lifetime comparable to the time they stay in the detector volume.
Many attempts were made in the past to ﬁnd an MDT operating gas on the basis of Argon
and methane or ethane [6],[7]. Such mixtures had the advantage of a linear rt-relation, i.e. an
electron drift velocity that is independent of the electric ﬁeld, gas pressure and temperature;
in this case ﬁeld ﬂuctuations caused by a high radiation background do not aﬀect the tube
resolution. Methane is moreover a very eﬀective quenching gas without the drawback of a
considerable increase in the maximum drift time, as encounted for CO2. For a long time
the gas mixture Ar:CH4:N2(91:5:4) was the baseline gas for ATLAS Spectrometer [8], until
ageing studies showed that a foreseen MDT lifetime of 10 years under LHC conditions could
not be reached with this composition [9]. A modiﬁed gas mixture Ar:CH4:N2:CO2(94:3:2:1)
was more promising; ﬁnally this gas mixture was also discarded in favour of the Ar:CO2(93:7)
gas mixture. This gas mixture was extensively tested for ageing in diﬀerent laboratory setups
using single drift tubes. It proved to be very radiation resistant; no degradation in MDT
performances was observed up to integrated charges well above the 0.6 C/cm required for
ATLAS (Par. 3.3). The absence of polymerization processes was the main factor because it
became the ﬁnal MDT operating gas, despite a non-linear rt-relation and the relatively large
maximum drift time of 700 ns.
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Ageing due to Contaminants
Other than the operating gas polymerization, the pollution is the major cause of ageing. The
main mechanisms by which contaminants are produced, are:
- Outgassing : plastic material often contains traces of non-polymerized monomers left from
their production. Since they are not ﬁrmly bound to other molecules they can evaporate from
the material;
- Dissociation and material breakdown under irradiation: chemical substances, that are very
stable under normal conditions, can deteriorate if they are exposed to ultraviolet or ionization
radiation;
- Evaporation: valves in a detector gas system are often greased to prevent them from getting
stuck. Soft sealants are used to achieve gas tightness and oils may be present in bubblers
to monitor the gas ﬂow. In each of these cases molecules will evaporate from the surface of
the liquid or semi-solid material until the concentration in the gas phase equals the vapour
pressure of the given substance;
- Improper cleaning : a variety of oils, lubricants and cooling ﬂuids is used in the production
and machining of both plastics and metals. They have to be removed from the components
of a drift detector before its assembly in order to avoid uncontrolled contamination of the
operating gas.
From the above list it is evident that materials used in the construction of gaseous detectors
to be operated under high rated conditions need to be carefully chosen in order to guarantee
an adequate lifetime. The mechanism by which contaminants cause ageing in a wire chamber
is the formation if deposits either on the anode or the cathode, as in the case of ageing due to
the operating gas, which molecules polymerize and form heavily crosslinked macro-molecules.
If ageing is caused by a pollutant, the growth rate of a possible deposit will increase with the
gas ﬂow if the probability for impurities to be captured by the anode wire is high, since in this
case a larger number of molecules is transported into the detector volume in a given time.
An element found as a deposit on the anode wire in numerous ageing studies is Silicon (Si),
which has a very high aﬃnity for deposition on the anode wire of a drift chamber [10].
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4.3 2001-2003 Ageing Test
A ﬁnal ATLAS chamber of type BIS (Barrel Inner Small) [3] (Figure 4.2) became available for
ageing tests in 2001. The chamber was exposed over its full size to an intense photon ﬂux at
GIF between November 2001 and May 2003 [1]. The MDT performances were monitored in
weekly reference runs using cosmic muons, recording for each tube the drift time measurements
and, every third tube, recording the pulse height of the signal generated by the muon using a
charge integrating ADC.
Figure 4.2: Three dimensional model view of a BIS MDT chamber.
During reference runs the γ-source was retracted into its lead housing. A 4-layer 105·100
cm2 scintillator hodoscope was used for trigger purpose; it also permitted to point the position
of the cosmic rays in the direction of the MDT wires. One of the major goal of the study
was to test a gas recirculation system similar to the one foreseen at ATLAS (Par. 3.1.3).
The gas system parameters were chosen such to reproduce the ATLAS conditions as closely
as possible; a bypass loop was included to run the gas compressor Argon Turbo Circulator
at its nominal ﬂow rate despite the BIS volume constitutes less than one per mille of the
total ATLAS volume. One of the two multilayer of the BIS, from now referred as “multilayer
1”, was connected to the gas recirculation system, while the second one (“multilayer 2”) was
operated in ﬂushing mode for comparison.
A typical pulse charge spectrum measured in a reference run is showed in ﬁgure 4.3.
For each tube, thus each spectra, a Landau distribution was ﬁtted to the data. The
maximum of the Landau distribution, Qtube, is proportional to the gain of the tube, and can
be used to investigate possible gain drops. All data has been scaled to 20oC according to the
relation Q20 = Q(T )[1 + 0.022 · (20o − T )], which was established in test beam measurements
performed in summer 2002. This relation is in agreement with the one which can be derived
from the Diethorn formula 3.7: ∆G/G = 9.86 · ∆T/T , which corresponds to a gas gain
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variation of 3.3% per temperature degree.
Figure 4.3: Pulse charge spec-
trum for cosmic muons; a Landau
distribution is ﬁtted to the data.
The maximum is indicated as Qp.
4.3.1 Results for “multilayer 2” operated in ﬂushing mode
For tubes operating in ﬂushing mode, no loss in pulse height was observed up to an accu-
mulated charge of 240 mC/cm, equivalent to 4 years of LHC operations included the safety
factor of 5. Figure 4.4 shows the pulse height Qrel = Qtube(i)/Qref.tube, where Qref.tube were the
tubes disconnected from the high voltage during the irradiation, thus they did not accumulate
charge.
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Figure 4.4: Relative pulse height Qrel as a function of the integrated charge; the results are
consistent with a line of zero slope, thus no evidence for ageing is present in the multilayer
operated in ﬂushing mode. During the period “Age 1” 30 mC/cm of charge were accumulated,
while at the end of period “Age 2” was reached 240 mC/cm of accumulated charge.
None of the 38 monitored tubes belonging to the vented multilayer showed any distortions
in the ADC spectrum, that were similar to the one showed in 4.3.
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4.3.2 Results for “multilayer 1” with gas recirculation
For the tubes operated in recirculation mode, ageing eﬀects started to show up when 40
mC/cm of charge were accumulated on the wires. The ﬁrst eﬀect observed was a distortion
of the pulse height spectra, which started to show a second peak at charge smaller than the





Figure 4.5: ADC spectrum for a tube
operated with gas recirculation after an
irradiation of 240 mC/cm.
Further investigations were done during normal reference runs by reconstructing the cosmic
muon track positions along the wire using the hodoscope informations. These studies showed
a large loss of gain in the ﬁrst 30 cm of wire from the gas inlet, then the eﬀect decreased until
it was negligible after 50 cm, as it is shown in ﬁgure 4.6. These results were obtained after
the irradiation period by moving a small radioactive source along the tubes.
All the 33 monitored tubes under high voltage during the irradiation showed drops of gain
close to the gas inlet side, while the two reference tubes disconnected from high voltage during
the irradiation kept constant their behaviour. After approximately 240 mC/cm the chamber
irradiation was stopped, and several MDT were opened: the scanning electron microscope
technique (SEM) revealed a growth of needle-like structures on the anode wire.
They had a length of 5-7 µm close to the gas inlet side and decreased in size when
moving further along the tube, in agreement with the pulse height behaviour. An energy
dispersive X-ray (EDX) analysis indicated that these deposits were made of silicon and oxygen,
while no carbon was detected. It was concluded that the observed ageing eﬀects were due
to a contaminant: a ﬁrst attempt to ﬁnd the pollutant directly in the gas by doing a gas
chromatography was unsuccessful. Therefore, since the MDT operated in ﬂushing mode did
not show any ageing eﬀects, a deep analysis of the gas system was performed, especially in the
region of the recirculation loop. It was found that three valves contained a silicone sealant.
Further it was discovered that the speciﬁcations about the use of lubricant (no lubricant in all
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Figure 4.6: Pulse height versus position in the wire for two tubes operated in recirculation
mode.
the gas system except for the silicon-free vacuum grease Apiezon in few well-deﬁned locations)
were not respected.
4.4 2004-2005 Ageing Test: The Experimental Setup @ GIF
In the 2004 the ATLAS MDT chamber of type BIS (Barrel Inner Small), called “Beatrice”,
and two little test-chambers, referred to as “bundles”, were used to perform another ageing
test in the light of the previous test results.
The BIS chamber Beatrice (Figure 4.2) is composed of two multilayers, each consisting
of 4 layers of 30 MDTs, 170 cm long. Only the multilayer used in ﬂushing mode during the
previous ageing test and that did not show any ageing eﬀects, was equipped with the gas
distribution system and the electronics for the test; the other multilayer was not used, since
its tubes were aﬀected by ageing from the previous test and two tubes of these underwent
some destructive operations in order to analyze anode wires and aluminium tubes, looking for
the source of the loss in performance. So the total BIS volume was of 144 l. The two bundles,
are made up of four layers of six 270 cm long tubes each; they were placed next to the BIS
chamber on a mechanical support. The two bundles were inserted in the setup to test the
HV cured tubes (one of the two bundles) and to compare BIS pulse height results and also
to test possible diﬀerences due to the on-chamber gas system, that was serial for the bundles,
diﬀerent from the fully parallel version of the BIS [11]. The bundles volume was 48 l.
The chamber and the bundles were mounted with the tubes in vertical direction and the
setup was placed inside the GIF area (Figure 4.7) at a distance of ∼ 1.5 m from the 137Cs
γ-source.
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Figure 4.7: A picture of the experimental setup in X5/GIF area.
Both the bundles were equipped with ATLAS gas distribution system components and the
10k MDT prototype electronic boards that have an analog output, one every three channels.
The ﬁrst bundle, directly in front of the GIF source - from now on referred to as ’source
side’ bundle - was mounted in the support with the read-out side at the bottom, as the BIS
chamber. The other one, made of reconditioned tubes, behind the ﬁrst bundle, further from
the source - from now on referred to as ’back side’ bundle - had the read out side at the top.
The BIS chamber and only the source-side bundle were readout during weekly reference
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runs; the back-side bundle, the one made of reconditioned tubes, did not acquire any data
during the test, but only the current was monitored to check its behaviour.
This bundle on the back side did not acquire any data during the test, but only the current
was monitored to check its behaviour. The mechanical support had a moving part controlled
by two step motors, for horizontal and vertical movements. Two 241Am sources with an
activity of 36.5 MBq each were placed on the moving part and were used to take weekly
reference runs to monitor the pulse height. It was decided to use 241Am sources to irradiate
only small parts of tubes and to study the correlation between pulse height and position along
the wire.
The sources were enclosed in a metallic shielding with a slit collimating γs in a small area
in the vertical direction (∼ 3 cm on the 4th layer, the further one). The collimation and the
movement direction along the wire was of particular importance since the previous ageing
study showed that a loss in pulse height might only be present in some part of the MDTs
(within the ﬁrst ∼ 30 cm of the tube measured from the gas inlet in the previous test).
4.4.1 The Gas System and Slow Control
As mentioned above one of the main goals of the MDT ageing study is to test the circulating
gas system foreseen for ATLAS (Par 3.1.3).The prototype system built for testing and evalu-
ation at GIF uses the ﬁnal ATLAS gas circulator, a custom-designed high speed compressor
type ATC, together with a specially designed gas system setup which allows simulation of the
later ATLAS operation.
The oﬀ-chamber gas system is the same as the one used in the previous ageing test and
the details of the gas system setup itself and its associated slow-control system are reported
in [12]. The main diﬀerence in the 2004 setup is related to the absence of one of the BIS
multilayers and the introduction of the two bundles.
Figure 4.8: The ATC installed in the MDT test
system at GIF.
The gas mixture used, Ar:CO2 (93 : 7) was provided as premix in batteries. The gas racks
were installed outside the GIF area and two pipes brought the gas inside GIF: one line was
used to supply gas to the BIS, the other one supplied gas to the two bundles in series. Both
the BIS and the bundles have operated in gas recirculation mode, using the ﬁnal ATLAS
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Parameter Value
Nominal gas ﬂow 100 Nm3/h
Max. ﬂow rate 200 Nm3/h
Gas pressure at inlet ∼ 2.9 bar
Gas pressure at outlet ∼ 3.2 bar
Max. power at full speed 2.5 kW
Max. speed 55000 rpm
Table 4.1: Operation parameters of the ATC gas circulator.
Argon Turbo Circulator, ATC, which comprises a high speed turbine running at up to 55000
rpm. Figure 4.8 shows the ATC compressor after installation in the MDT tests setup at GIF.
The main diﬃculty in building an appropriate down-scaled test setup was the adjustment of
the ATC gas ﬂow to a much smaller system than the full ATLAS muon spectrometer. To
solve this problem, the recirculation prototype included a bypass loop with a 200 l buﬀer
volume in order to run the ATC at its nominal gas ﬂow of 100Nm3/h (inside the loop), while
it was connected to the BIS and the bundles (representing a tiny fraction of the full ATLAS
volume) to be operated at a much lower gas ﬂow (50 − 100 Nl/h).
The operating conditions were such that 10% of the gas passing through the chambers was
replaced by fresh gas in each cycle. The gas ﬂow through the chambers was 2 volume exchanges
per day for a ﬁrst period of the test, i.e. 50 Nl/h, and 4 volumes exchanges per day in the
second period of the test (from the March, 10th), i.e. 100 Nl/h. The irradiated gas returning
from the chambers was diluted in the ratio 1:1 with the gas present in the buﬀer volume
of the recirculation system, before being recirculated itself. Table 4.1 summarized the main
characteristics of the ATC circulator.
The BIS on-chamber gas distribution system was fully parallel, i.e. each tube was sep-
arately supplied with the operating mixture from the gas manifold (“gas bar”) by a small
stainless steal tubelet (see Par. 3.1.4 Figure 3.5). The gas inlet was in the bottom part of the
chamber, on the read out side.
The bundle on-chamber gas distribution system was serial, i.e. the six tubes in each layer
were connected in series, the gas inlet was on the ﬁrst tube of the layer, the gas outlet was on
the sixth one, while the four layers were connected in parallel. The two bundles themselves
were also in series, i.e. the gas input from the gas rack came into the ﬁrst bundle while the
second bundle, on the back side, received as input the gas from the output of the ﬁrst one.
The slow control system was very similar to the one of the previous test. All the gas system
parameters - ﬂows, pressures, temperatures - were monitored and if one or more monitored
values went out of range the system automatically stopped and remained in a safe state. The
gas system was interlocked with the HV supply in order to switch oﬀ the HV if the gas ﬂow
stops. Ten temperature sensors mounted on the chambers were acquired every minute and
used in data oﬀ-line analysis to apply temperature correction. The control panels of two slow
control programs are shown in ﬁgures 4.9 and 4.10.
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Figure 4.9: A picture of the gas system slow control panel. In the middle the chamber outline
and on it the temperature sensor placement.
Figure 4.10: A picture of the ATC pump control panel. The pump control program, inherited
from the previous test, allows a secure and stable operation of the ATC under diﬀerent rotation
speeds.
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The HV monitoring was performed via a CAENET interface to the CAEN SY127 power
supply through CAEN A128HS - high speed CAENET communication controller module and
CAEN V288 - high speed CAENET VME controller module. The values of voltage and current
were acquired every minute by the PC dedicated to the DAQ and automatically transferred
to a storage area on Lxplus; they were also displayed on a web page for monitoring.
4.4.2 Front-End Electronics and DAQ
The chambers were equipped with the ATLAS MDT electronic boards : HV and RO hedgehog
boards and mezzanine lites. The use of the mezzanine lites instead of the ﬁnal mezzanines was
due to the little sensitivity with respect to gain changes when using the octal ASD Wilkinson
ADC [13]. In order to have a proper measurement of gain loss with the ﬁnal mezzanine, since
it is not possible to integrate the full length of the signal due to the bipolar shaping applied
on it, it was tried to use the information stored in the Wilkinson ADC, that integrates the
signal in a programmable gate from 8 to 45 ns. The signal of a small 109Cd γ -source (85% 22
keV , ∼ 60 kBq) illuminating one tube was acquired using the standard electronics parameters
conﬁguration (gate 15 ns, rundown current 4.5 µA, threshold −44 mV ) and simulating the
variation of gain by decreasing the high voltage. TheWilkinson ADC spectra that we obtained
are showed in ﬁgure 4.11-left. As cross-check, we did the same test with cosmic muons. The
Wilkinson ADC spectra that we obtained for cosmic muons are showed in ﬁgure 4.11-right.
Figure 4.11: On the left: Wilkinson ADC charge spectra obtained for a 109Cd γ source at
diﬀerent high voltages. The “shoulder” on the right of the spectra is probably due to saturation
in the capacitor used to store the integrated charge. On the right: Wilkinson ADC spectra
for cosmic muons at diﬀerent high voltages.
To understand the sensitivity on this measurement of gain loss, the variation of the peak
position was compared to the expected variation of gain as reported in [14] at diﬀerent high
voltages. The results are shown in ﬁgure 4.12, proving that the sensitivity in pulse height was
signiﬁcantly reduced when integrating only the rising edge of the signal with the octal ASD.
84 Ageing Studies on the Drift Tubes of the Muon Spectrometer
Figure 4.12: Wilkinson ADC read-
ing versus HV for low energetic pho-
tons (109Cd source) and for muons (H8
data). The two types of squares indi-
cate the measurements of pulse height
with two diﬀerent gates. The solid line
(right axis) is the change in gain ex-
pected from Diethorns formula [14].
BB5, Cd source
H8, BML Jura ML2
BB5, Cd source, jtag H8



























Other tests were done changing Wilkinson ADC parameters to improve the measurement,
but these showed similar results. These preliminary tests proved that in order to have a
proper measurement of gain reduction (diﬀerences of about 5-10%), it was better to integrate
the full signals (Figure 4.18) instead of the rising edge (15-20 ns) only. So it was decided to
use the debugging analog output provided on each mezzanine ASD-lite card for every third
channel. The position of tubes with an analog read out is shown in ﬁgure 4.13.
Figure 4.13: This scheme shows the acquired tubes in a diﬀerent colour, eight tubes for each
mezzanine card. The number of ADC channel is also reported on the second schema on the
bottom and the same name convention is used afterward.
The analog outputs of 48 tubes were sent to charge integrating ADCs - CAEN V792 mod-
ule, 32 Channel Multievent Charge ADC (32 ch., 12bit, 400 pC max charge) - and integrated a
gate of 500 ns in order to perform pulse height measurements. For this the diﬀerential analog
signals provided by the mezzanine cards were transformed into single ended signals by a set
of pulse transformers. These signals were carried out of the X5 zone with 80 m long BNC
cables and fed into custom-made splitters. One of the two outputs of the splitter was delayed
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of 75 ns and it was sent to the CAEN V792 ADC, the other was sent to a discriminator. The
discriminators outputs were sent to coincidence units and then to the 500 ns gate generator
which drives the ADC. The scheme is shown in ﬁgure 4.14.
Figure 4.14: The trigger scheme.
A set of 24 tubes (a whole mezzanine) was disconnected from HV during the GIF γ-
irradiation (the last hedgehog card - tubes from 25 to 30 - on BIS chamber). The eight read
out tubes on this mezzanine were used as a reference to monitor the pulse height in order to
control changes in gas gain due to temperature eﬀects, or other eﬀects, diﬀerent from ageing
eﬀects.
The bundle on the back side was not read out, but only its current - integrated charge -
was registered. This bundle was made of tubes which drew current during production QA/QC
(Quality Assurance and Quality Control) tests and which were cured (HV curing procedures)
leading to normal current values afterwards. It was decided to test this kind of tubes in this
setup to compare its behaviour with the other identical bundle made of “normal” tubes.
The VME crate housing the ADC modules was interfaced to a PC running Windows
operating system via National Instruments VXI-MXI bus. The DAQ software was developed
to acquire data and to monitor the HV. Data was taken once a week when the GIF source was
oﬀ, during the remaining time (about 6.5 days per week) the values of voltage and current
were acquired every minute and transferred to the test storage area on Lxplus by the DAQ
software. The main DAQ control panel also included the interface to guide the step motors
moving the 241Am-sources. The control of the step motors was realized using the MIND S
controller through the serial port of the DAQ pc. The serial driver interface and the motor
control services were integrated in the DAQ library. The position accuracy of the motorized
sources was ∼ 0.5 mm in the vertical direction and ∼ 1 mm on the horizontal direction.
Figure 4.15 shows the DAQ control panel.
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Figure 4.15: The control panel of the DAQ software, which is written in National Instruments
LabWindows-C for Virtual Instrumentation language.
4.5 Data taking
241Am γs were used to monitor the chamber performances in weekly reference runs with the
GIF 137Cs source switched oﬀ (in the GIF area it is possible to “switch oﬀ” the radioactive
source moving it into a lead housing).
Data were taken from the 28th of January to the 28th of April 2004 once a week. During
all the remaining time the chambers were irradiated by the GIF 137Cs source. The weekly
data consists of runs of about 350000 events, when the 241Am sources irradiate two mezzanine
at the same time (16 tubes acquired), and of about 175000 events, when the 241Am sources
irradiate one mezzanine (8 tubes acquired), to have at least 10000 events per tube. Data were
taken with the 241Am sources at diﬀerent positions along the tubes and the sources were also
moved on the horizontal axis in four diﬀerent positions to irradiate all the acquired tubes
(see Figure 4.13 and Table 4.2). Further data were acquired after the irradiation (the “ageing
period”) was stopped:
• there was a second period of data taking from the 29th of April to the 3rd of May, during
which all the tubes of the BIS chamber, not read out before, were acquired. To allow
these measurements the BIS mezzanines were displaced, respect to their usual position,
by two tubes on the left (to read out the tubes number 1, 2, 7, 8, 13, 14, 19, 20, 25, 26
of each layer), and by two tubes on the right (to read out the tubes number 5, 6, 11, 12,
17, 18, 23, 24, 29, 30 of each layer). The X-pos of the sources were modiﬁed in order to
irradiate those tubes.
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• there was a third little data taking period from the 6th to the 7th of May, after the
dismantling of the mechanical setup. A complete set of runs like the ones in the ﬁrst
period was acquired with the BIS chamber in horizontal position outside the GIF area
as cross-check. The aim was to verify that the observed eﬀect was not due to some kind
of dust in the bottom part of the tubes for gravitational eﬀect.
4.5.1 Accumulated Charge
The charge accumulated by the BIS chamber and by the two bundles is shown in ﬁgures 4.16
and 4.17.
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Figure 4.16: Integrated charge in mC/cm for the BIS.
During the ﬁrst two weeks of test the high voltage was set to the standard operating value
of 3080 V , that corresponds to a gain of 2×104. Then the high voltage was set to 3400 V
(that correspond to a gain of about 8×104) to increase the accumulated charge, and so, to
accelerate the ageing processes.
The maximum accumulated charge in 10 years of LHC operations is 600 mC/cm, cal-
culated including a safety factor 5 to allow for uncertainties in the background simulations
(Par. 3.3.1). A charge of 290 mC/cm was collected by BIS until the end of the measurements
corresponding to about 50% of the LHC requirement.
The two bundles were slightly out of the irradiation cone of the GIF source, so they
accumulated less charge than the BIS chamber. The same integrated charge of ∼52 mC/cm
was accumulated by the two bundles, as the plot in the ﬁgure 4.17 shows. This is a good
result for the ‘back side’ bundle made of “HV cured” tubes, conﬁrming the normal working
88 Ageing Studies on the Drift Tubes of the Muon Spectrometer
Days from 28/1























Figure 4.17: Integrated charge in mC/cm for the two bundle chambers.
behavior of this kind of tubes.
4.5.2 Weekly Reference Runs
As already mentioned, the performance of the chambers was monitored during the ageing
study by weekly reference runs using two 241Am sources. Apart from α particles, readily
absorbed and undetected, 241Am emits photons (Figure 4.18) at diﬀerent energies, the most
energetic ones are 60 keV photons corresponding in the spectrum (Figure 5.2) to the largest
peak on the right; referring to the same ﬁgure, the ﬁrst narrow peak on the left is the pedestal
and the peaks in the middle correspond to the less energetic photons emitted by 241Am (14
keV , 35 keV ). The ADC value of the 60 keV peak was used to monitor the gain variations.
Figure 4.18: The signal generated
by the 241Am on a tube of the fourth
layer. The oscilloscope scales are 20
mV and 0.1 µs. The threshold is
set to -30 mV , the same value of the
discriminators threshold. The violet-
blue gradient is proportional to the
persistency of the signals.
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As it was said before, it was possible to move the two step motors to diﬀerent positions
and table 4.2 shows the positions studied systematically during the data taking.








Figure 4.19: An example of ADC
spectrum.
The two 241Am sources were positioned 10 cm far from the ﬁrst layer of tubes and a
collimator was positioned in front of each source. The collimators were built so that only ∼3
cm of wire were irradiated on the fourth layer, which is ∼18 cm away from the source. On the
coordinate along the chamber width no collimation was done, so 6 tubes on the fourth layer
were irradiated simultaneously. The distance between the center of the two source collimators
mounted on the mechanical support was 18 cm, in order to simultaneously irradiate two pairs
of readable tubes on the BIS chamber. A summary of the studied positions, and the ADC
channels involved in each position, is listed in table 4.2.
X-pos 10 X-pos 20 X-pos 30 X-pos 40
Mezzanine1 Mezzanine2 Mezzanine3 Mezzanine4 Mezzanine5 Mezzanine6
Lay. 1,2,3,4 Lay. 1,2,3,4 Lay. 1,2,3,4 Lay. 1,2,3,4 Lay. 1,2,3,4 Lay. 1,2,3,4
Tubes 03,04 Tubes 09,10 Tubes 15,16 Tubes 21,22 Tubes 27,28 Tubes 3,4
BIS BIS BIS BIS BIS bundle
Y-pos (for each X-pos)
0, 2, 5, 8, 10, 12, 15, 25, 35, 55, 85, 120, 155, 158, 161
cm from gas inlet
Table 4.2: The 241Am sources positions during the weekly reference runs (see Figure 4.13).
The X-pos 10 and 20 illuminated two mezzanines together, while the X-pos 30 and 40
only one each. This was due to the fact that the distance between the last mezzanine of the
BIS and the mezzanine of the bundle was ∼10 cm more than the distance between two close
mezzanines of the BIS. The Y-pos at 0 and 161 cm corresponded to the position of the crimps
of the endplugs. For time reasons not all the Y-pos were taken all the weeks, in particular we
added the Y-pos at 0, 2, 8, 10, 12, 158 and 161 only after degradation of pulse height, close
to gas inlet side, was observed in three tubes. Thus some Y-pos in the middle of the tubes
were excluded because the gain in the middle region was stable.
Each data run was processed by a C++/ROOT program to ﬁll histograms. The program
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also ﬁtted the pedestal peak and the 60keV peak and it produced an ASCII ﬁle with these
informations for the oﬀ-line analysis.
The ﬁrst step of the oﬀ-line analysis consisted in the calculation of the integrated charge
Q60keV corresponding to the position of the 60keV peak evaluated after pedestal subtraction:
Q60keV = Qpeak −Qped (4.1)
The value Q60keV was then corrected for temperature eﬀects and it was correlated with
the coordinate along wire.
4.6 Normalization and Corrections
A series of systematic studies was performed before starting the actual ageing test, to check
the linearity and to measure the sensitivity of the system, and during the analysis to ﬁnd the
right way to correct data for systematic eﬀects, like those due to temperature changes.
4.6.1 System linearity and sensitivity
To understand the sensitivity of the full system, a variation of gain was simulated with an
external variable attenuator. It was mounted before the splitters in order to simulate also
the possible variations in the number of triggers generated by that channel. The variations of
the pulse height spectrum is shown in ﬁgure 4.20, where the spectrum generated by signals
without attenuation (coloured in red) is plotted together with the spectrum generated by
signals attenuated of 1 dB (coloured in black). The results of the measured attenuation for
diﬀerent values of the attenuator are reported in ﬁgure 4.21.
The statistical error on each data point was between 0.8% and 1.1% of the value. The
overall system sensitivity for the detection of a loss of gain was estimated around 3%. The ﬁt







The gas gain G of a MDT is highly dependent on voltage and on gas density, that is pressure
and temperature, according to Diethorn’ formula (Par. 3.2.1 Equations 3.6 and 3.7).
So the voltage and the pressure were monitored and remained stable inside the given range,
since the voltage was kept constant from the high voltage power supply and the pressure from
the pressure regulators inside the gas circulation loop, so the only source of gain variation was
temperature.
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channel34
Entries  102000
Mean    454.8
RMS     286.7
ADC counts














CH 34 ADC Spectra
BIS Tube 27 Layer 1 (reference tube)
Without and with attenuation of 1dB(11%)
Figure 4.20: Two superimposed pulse height spectra. The red one is the ADC spectra of the
signal without attenuation, the black one corresponds to an attenuation of 1 dB (11%).
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Figure 4.21: Measured attenuation of the 60 keV peak versus the value of the attenuator
added in the setup. The statistical errors are shown on the data points.
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The relation between temperature variations and gas gain variations for the MDT gas
mixture, Ar:CO2 (93 : 7) is(1)
∆G
G
= 9.86 · ∆T
T
(4.3)
which corresponds to a gas gain variation of 3.3% per temperature degree.
Using the monitoring temperature data from the ten sensors placed on chambers, all mea-
sured pulse height data were corrected oﬀ-line. Figure 4.22 shows the temperature behavior
during the day in the experimental area.
The variation of temperature during all the test is shown in ﬁgure 4.23 as a function of
the time.
The temperature behaviours taken into account were:
• The variation of the external temperature during the test over a period of ∼100 days: it
is of the order of 10 Co, as it is shown in ﬁgure 4.23. This is a global eﬀect, in fact the tem-
perature of the diﬀerent sensors varied together and their diﬀerences remained approximately
constant (Figure 4.23).
Figure 4.22: Temperatures in ◦C of nine sensors on the BIS chambers versus time relative
to a day of March. The diﬀerence from the highest temperature and the lowest one was about
1.5◦ in a day.
• The vertical temperature gradient due to the presence of electronics (read-out and HV
side) and mainly due to the closer space in the bottom part of the chamber. The maximum
temperature diﬀerence along the tubes was about 1.5◦ (1◦ gradient was in the ﬁrst 30 cm) as
1calculated using Diethorn parameters: Emin = 24 kV/cm and ∆V = 34 V from [14].
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ﬁgure 4.25 shows.
• The horizontal temperature gradient; its behaviour was shown in ﬁgure 4.24 and in ﬁgure
4.23 where the T7 and T2 sensors were those positioned on the bottom left and bottom right
of the setup and the the T8 and T3 sensors were those positioned on the top left and top
right of the setup. The diﬀerence between left and right side was about 1◦.
Figure 4.23: Temperature of ﬁve sensors on the BIS and on the bundle as a function of
days from the 28th of January. T1 is positioned on the center of the BIS, T7(T8) on the
bottom(top) left of the BIS, while T2( T3) on the bottom(top) of the bundle. The diﬀerence
from the highest temperature and the lowest one was about 8◦C in the period of 3 months.
Diﬀerent algorithms were developed for the oﬀ-line temperature correction, the simplest
one using only an average global temperature correction, while more complicated ones were
position dependent.
From now on the 60 keV pulse height peak is considered as a function of the accumulated
charge (q), of the tube (tube), of the position along the tube (Y ) and of the temperature (T ):
Q60keV (q, Y, tube, T ). (4.4)
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Intercalibration Factor Correction
The possible diﬀerent response of the electronic chain (mezzanine, cables, ADC) was taken
into account when comparing diﬀerent tubes. So an intercalibration factor was deﬁned as:
Intercalib(tube) =
Q60keV (q0, Y, tube, T )
QmeanY pos60keV (q0, tube, T )
(4.5)
where q0 refers to the value at 0 mC/cm of accumulated charge.
Temperature corrections
• Global and local temperature correction
In order to introduce also a local correction depending on the y coordinate, the functional
dependence of the temperature as found from the ﬁt shown in ﬁgure 4.25 was used.
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Figure 4.24: The plots show the tempera-
ture in ◦C as a function of x position along
the chamber width in cm.
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Figure 4.25: The plots show the tempera-
ture in ◦C as a function of y position along
the tube height in cm.
The temperature was evaluated from the following relation, where also the dependence
on the x coordinate has been introduced:
Tcorr = [(T7 −A · x)−B · y + C · y2 −D · y3 + E · y4 − F · y5 +G · y6] (4.6)
where: T7 is the temperature of one of the sensors taken as reference; A is the parameter
of the linear ﬁt on temperature values along chamber width; B, C, D, E, F and G are
the parameters of the non linear ﬁt on temperature values along wire direction.
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The slow control temperature data, acquired every minute, were used and diﬀerent set of
parameter were produced for each 15 days period, according to the external temperature
variation. In this way the position of the 60 keV peak was corrected to the temperature
of 300 K multiplying it for a factor:
Qcorr60keV = Q60keV · corr (4.7)
where the multiplying factor corr is:
corr = 1− 9.86 · Tcorr(K)− 300K
300K
(4.8)
• Simple global temperature correction
The slope α of the Q60keV versus temperature for each channel and each Y-pos was
ﬁtted using data in a wide range of temperatures, as shown in ﬁgure 4.26.
Figure 4.26: Q60keV as a function of the
temperature for one channel at 85 cm.
Figure 4.27: Qtemp.corr60keV distribution for dif-
ferent tubes at 85 cm.
We used the average of these ﬁts as temperature correction factor at a reference temper-
ature. Data were corrected to 14oC (Tstart), the average temperature when we started
the test, using relation (4.9).
Qcorr60keV (q, Y, tube) = Q60keV (q, Y, tube, T ) · [1 + α(T − Tstart)] (4.9)
The global eﬀect of the corrections can be evaluated from ﬁgure 4.27. We plot the values
of Qcorr60keV for Y=85 cm from all the tubes of a mezzanine for the complete data taking
period. The relative width of the distribution is σ/mean∼2%.
Both the temperature corrections result accurate enough for the pulse height studies.
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4.7 Analysis
Data were analysed looking at corrected pulse height values of each tube relating them to the
position along the wire (the results are shown in Par. 4.7.1) or to the accumulated charge
(the results are shown in Par. 4.7.1).
There were two possible approaches to clearly show the gain variations:
• Each tube could be compared to one of the reference tubes (HV disconnected during GIF
irradiation so no accumulated charge). For each Y-pos as a function of the accumulated
charge, or for each accumulated charge as a function of the Y-pos, the ratio:
R1 =
Qtemp.corr60keV (q, Y, tube)
Qtemp.corr60keV (q0, Y, tubeRef )
(4.10)
could be plotted. Using this method the intercalibration factor correction has to be
applied because data from two diﬀerent tubes were compared, and the global and local
temperature correction have been applied to take into account the temperature gradients
along the chambers height and width.
• The relative variation of gain of each tube and for each position along the wire could be
studied as a function of the integrated charge. Thus, for each Y-pos, the ratio:
R2 =
Qtemp.corr60keV (q, Y, tube)
Qtemp.corr60keV (q0, Y, tube)
(4.11)
could be plotted as a function of the integrated charge. To compare pulse height
measurements at diﬀerent position along the wire we can also plot the numerator of
(4.11) as a function of Y-pos. In this way the results are not dependent on the reference
tubes.
If no gain drops were measured then both the ratios should have 1 as expected value
(R1 = R2 = 1). It was observed that the two explained methods gave compatible results, so
it was decided to use the second one because it is simpler to implement, and because each
measurement depends only from a single channel and not from the behaviour of the reference
tubes.
From now on, we refer to the results coming only from the BIS tubes, unless explicitly
explained, since the bundle accumulated too few charge to compare its results to the BIS
ones.
4.7.1 Analysis Results
Pulse Height versus Position along the Wire
Four weeks after the beginning of the irradiation, corresponding to about 68 mC/cm of accu-
mulated charge, three tubes on the third layer (tube4-ADC channel 5, tube10-ADC channel
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13 and tube16-ADC channel 21) have shown ageing eﬀects in the ﬁrst few centimeters of the
wire from the gas inlet side. Thus it was decided to add reference runs at diﬀerent positions
along the tubes height to improve measurements, as reported in table 4.2.
Tube height (cm)



















Tube10 Layer3 (Ch 13)
Tube16 Layer3 (Ch 21)
Pulse Height VS position along the wire @ 68 mC/cm
Figure 4.28: Pulse height Qtemp.corr60keV as a
function of the position along the wire, at an
integrated charge of 68 mC/cm. The drops
in the ﬁrst and last two centimeters were due
to the electric ﬁeld distortion in the regions
next to the MDT end-plugs.
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Tube10 Layer3 (Ch 13)
Tube16 Layer3 (Ch 21)
Figure 4.29: Pulse height Qtemp.corr60keV in the
ﬁrst 40 cm from the gas inlet, at an integrated
charge of 270 mC/cm.
The ﬁgure 4.28 shows the behaviour of the three aﬀected tubes as a function of the distance
from the gas inlet, compared with other tubes that didn’t show ageing eﬀects up to February,
25th (68 mC/cm of integrated charge). In ﬁgure 4.28 the pulse height drops at the begin and
at the end of the tubes, equal for both sides and for all the tubes, were due to distortion of
the electric ﬁeld in the regions next to the MDT end-plugs. The drop behaviour is diﬀerent
for the three aﬀected tubes in the gas inlet side. The ﬁgure 4.29 shows the pulse height as a
function of the distance from the gas inlet in the ﬁrst 40 cm up to April, 21st (270 mC/cm of
integrated charge).
In ﬁgure 4.30 it is shown the behaviour of one of the three aﬀected tubes (tube 10-ADC
channel 13) in the ﬁrst 40 cm for diﬀerent integrated charges. The ageing stopped after 70
mC/cm and only the ﬁrst 10÷12 cm were aﬀected as ﬁgures 4.28, 4.29 and 4.30 show. It was
not possible to be more accurate in evaluating the zone aﬀected by ageing because the BIS
wire zone illuminated by the 241Am γs was ∼3 cm long due to the mechanical construction
of the collimators.
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Tube height (cm)























Figure 4.30: Pulse height Qtemp.corr60keV over the ﬁrst 40 cm from the gas inlet, at diﬀerent
integrated charges for tube 10 in layer 3 (Ch.13).
Pulse Height versus Accumulated Charge
During the test period only 3 tubes out of 40 monitored (32 irradiated, 8 reference) have
shown an ageing eﬀect. No reference tube has shown reduction in pulse height, as expected.
The three aﬀected tubes are tube 4 (ADC channel 5), tube 10 (ADC channel 13) and tube
16 (ADC channel 21) in the third layer; the pulse height, measured once a week, started to
drop right after establishing irradiation and it decreased until about 70 mC/cm of integrated
charge; at that point the pulse height became constant and stayed on a plateau (60÷90% on
the original value), and the eﬀect was visible only at Y-pos=5 cm. For the three aﬀected tubes
Qtemp.corr60keV at Y-pos=5 cm is shown in ﬁgure 4.31 as a function of the integrated charge. Also
three of the remaining 29 irradiated tubes that did not show any ageing eﬀect are plotted.
The pulse height remained stable even after the gas ﬂow was changed from 2 volumes per
day to 4 volumes per day on March, 10th (110 mC/cm). The behaviour of Qtemp.corr60keV as a
function of the integrated charge and the y coordinate was similar for all the three aﬀected
tubes. In particular, as a function of the y coordinate, the drop stopped at Y-pos=15 cm,
while for greater Y-pos the behaviour is identical to all the other tubes (Figure 4.32).
















Rel. Pulse Height VS Integrated Charge @ 5 cm
Good Tubes
Aged Tubes:
Tube4 Layer3 (Ch 5)
Tube10 Layer3 (Ch.13)
Tube16 Layer3 (Ch.21)
Figure 4.31: Pulse height Qtemp.corr60keV , rela-
tive to t = 0, as a function of the integrated
charge at 5 cm from the gas inlet.
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Rel. Pulse Height VS Integrated Charge @ 15 cm
Good Tubes
Aged Tubes:
Tube4 Layer3 (Ch 5)
Tube10 Layer3 (Ch.13)
Tube16 Layer3 (Ch.21)
Figure 4.32: Pulse height Qtemp.corr60keV , rela-
tive to t = 0, as a function of the integrated
charge at 15 cm from the gas inlet.
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Tube4 Layer3 (Ch 5)
Tube10 Layer3 (Ch.13)
Tube16 Layer3 (Ch.21)
Rel. Pulse Height VS Integrated Charge @ 35 cm
Figure 4.33: Pulse height Qtemp.corr60keV , rela-
tive to t = 0, as a function of the integrated
charge at 35 cm from the gas inlet.
Integrated Charge (mC/cm)












Rel. Pulse Height VS Integrated Charge @ 85 cm
Good Tubes
Aged Tubes:
Tube4 Layer3 (Ch 5)
Tube10 Layer3 (Ch.13)
Tube16 Layer3 (Ch.21)
Figure 4.34: Pulse height Qtemp.corr60keV , rela-
tive to t = 0, as a function of the integrated
charge at 85 cm from the gas inlet.
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Rel. Pulse Height VS Integrated Charge @ 120 cm
Good Tubes
Aged Tubes:
Tube4 Layer3 (Ch 5)
Tube10 Layer3 (Ch.13)
Tube16 Layer3 (Ch.21)
Figure 4.35: Pulse height Qtemp.corr60keV , rela-
tive to t = 0, as a function of the integrated
charge at 120 cm from the gas inlet.
Integrated Charge (mC/cm)












Rel. Pulse Height VS Integrated Charge @ 155 cm
Good Tubes
Aged Tubes:
Tube4 Layer3 (Ch 5)
Tube10 Layer3 (Ch.13)
Tube16 Layer3 (Ch.21)
Figure 4.36: Pulse height Qtemp.corr60keV , rela-
tive to t = 0, as a function of the integrated
charge at 155 cm from the gas inlet.
BIS Final Runs
At the end of the ﬁrst data taking period, after irradiation was stopped, the same kind of
data were taken from all the tubes not read out before during irradiation period, by moving
the hedgehog and mezzanine cards. The readout setup was modiﬁed as explained in par. 4.5.
The behaviour of 11 out of 64 tubes was found similar to the one shown by the three
aﬀected tubes. Also the Y-pos range of pulse height drop was consistent with the results
shown in ﬁgures 4.28, 4.29 and 4.30. The three tubes studied during the test seem to be a
good sample to describe the observed ageing eﬀect.
The tubes with a proper functionality, after 290 mC/cm of integrated charge, were sepa-
rated from the tubes with ageing eﬀects, in terms of the variable ∆G/G, deﬁned in relation:
1−∆G/G = ( Q
temp.corr
60keV (5cm)





where the ratio between the Qtemp.corr60keV (5cm) and the average of the Q
temp.corr
60keV (Y −pos) at 15,
25 and 35 cm from the gas inlet, was corrected for the linearity of the system to obtain the
real gain reduction, as explained in equation (4.2), at 5 cm from the gas inlet.
Figure 4.37 shows the results for all the BIS irradiated tubes, giving an overview of the
aged tubes on BIS chamber: 14 out 96 showed a ∆G/G > 5%. The eﬀect was not uniformly
spread over the four layers. None of the 24 reference tubes has shown ageing eﬀects.
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Figure 4.37: 1−∆G/G for the BIS tubes.
Figure 4.38: This schema summarize the BIS tube which showed a loss in pulse height. The
diﬀerent colours indicate the diﬀerent slop of the Qcorr60keV plotted versus the wire coordinate
[See ﬁgure ?? ]. The three tubes signed by a ”X” are the three monitored during all the ageing
test.
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4.8 Further Analysis
In order to understand the source of the observed gain loss further analyses were made on
anode wires and on tubelets (the ﬁnal gas distribution components) after the irradiation
period. In order to conﬁrm or discard the suspicion of Si-contaminant being responsible
for the observed ageing eﬀects as in the previous 2003 ageing test, and to ﬁnd its source,
SEM (Scanning Electron Microscopy), EDX (Energy Dispersive X-ray) and FTIR (Fourier-
Transform Infrared Spectroscopy) analysis methods have been used.
4.8.1 Wire Analysis
It was decided to analyze three tubes from the third layer, two aﬀected by ageing and one not
aﬀected.
The main problem to analyze the wires was to extract them from tubes avoiding the
alteration of the possible contamination. To solve this problem an ”ad hoc” procedure was
put down.
Wire Extraction
In order to avoid the chamber total destruction because the wires to be analyze were placed
in the third inner layer, and above all in order to avoid an alteration of the wire pollution, or
a contamination of it related to extraction and not to ageing, this safe procedure was set up.
A particular structure guiding a drill was made to extract the wire from a tube in a
chamber and a special drill bit, referred as ’cup mill’ (Figure 4.39), was used.
The procedure consists in ﬁve step:
• The ﬁrst step consists in digging the end-plug of the gas outlet side up to about 0.5 mm
to its bottom; in this way the central part of the end-plug is left attached to the rest.
• The second step consists in digging the end-plug of the gas inlet side up to about 0.5
mm to its bottom leaving the central part on it attached to the rest.
• The third step consists in breaking the thin 0.5 mm layer of the end-plug in the gas
outlet side. To do this a brass bar is screwed on the end-plug central part; a chisel is
used to remove the thin layer of Noryl while, at the same time, the brass bar was held
to avoid the end-plug central part and the wire going into the tube due to the wire
stretching.
• The fourth step consists in breaking the end-plug on the other side (it can be done
kindly by hand, now the wire is safely held on the other side).
• The ﬁfth step consists in the wire extraction. It must be done carefully trying to keep
the wire stretched and without touching the tube wall.
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Figure 4.39: A picture taken during wire extraction. The cup mill and the structure guiding
the drill are shown.
Figure 4.40: A picture of a BIS side after the extraction of the three wires on the third layer
for analyses.
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Results from SEM Analysis
SEM analyses on diﬀerent samples of ageing aﬀected and non-aﬀected wires were performed
at CERN TS Department and at the Chemical Department of Calabria University (Figure
4.41). Both set of analyses gave same results.
Figure 4.41: A picture of the Scanning Electron Microscope of the Chemical Department of
Calabria University. It is a Leo-Leika SEM.
The analyzed wires belonged to tubes of the third layer, tube 4 and tube 10 aﬀected and
tube 12 not aﬀected (Figure 4.40).
Micrographs of the aﬀected wires conﬁrmed the presence of needle-like growth perpendic-
ular to the wire surface in the ﬁrst centimeters. Figures 4.42, 4.43, 4.44, 4.45 and 4.46-left
show micrographs of the tube 10 layer 3 wire. The pollution are visible only in the ﬁrst 10÷15
centimeters of the wire, as expected from pulse height analysis.
Figure 4.43-right shows the EDX spectrum acquired at the beginning of tube 10 layer 3
wire. A big Silicon peak and an Oxigen peak are visible conﬁrming the nature of the pollution,
the same of the previous ageing test results. Since Silicon are not part of any of the gases
making up the operating mixture, the observed ageing eﬀects are clearly due to a contaminant.
Figure 4.46-right shows a micrograph taken on the ﬁrst centimeters of the wire from the
not aﬀected tube 12 of layer three. No deposits are visible on it as expected from pulse height
analysis.
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Figure 4.42: Tube 10 layer 3. On the left: the beginning of the wire from the gas inlet
side, needle-like deposits are clearly visible on the surface. On the right: 8 cm from the gas
inlet side, thick needle-like deposits on the surface are visible. (CERN)
Figure 4.43: Tube 10 layer 3. On the left: the beginning of the wire from the gas inlet
side, an enlargement of the previous picture on the left, single whiskers some µm long are
clearly visible. On the right: the relative EDX analysis. The EDX spectrum shows a big
Silicon peak generated by the needle-like deposits. (CERN)
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Figure 4.44: Tube 10 layer 3. On the left: 15 cm from the gas inlet side, a very few
needle-like growths are visible on the wire surface. On the right: 40 cm from the gas inlet
side, no needle-like deposits are visible on the wire surface. (CERN)
Figure 4.45: Tube 10 layer 3. On the left: a micrograph of the tube 10 layer 3 wire
showing ageing eﬀect in the ﬁrst 10 centimeters. It shows a special germination on a probably
preliminary dust particle on the surface of the ﬁrst centimeters of wire. On the right: the
relative EDX analysis. The EDX spectrum shows Ca, S and Mg that are typical elements of
a dust particle, and a big Si peak generated by the needle-like deposits. (CERN)
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Figure 4.46: On the left: Tube 10 layer 3. 160 cm from the gas outlet side (end of
the wire - gas outlet side), there is no Si-contamination visible on the wire surface. On the
right: Tube 12 layer 3. This micrograph taken at the beginning of the wire shows no
deposit on the wire surface, as expected from the pulse height analysis. (CERN)
Figure 4.47: The micrograph (on the left) and the EDX spectrum (on the right) relative
to the SEM mapping performed on Tube 4 layer 3 wire shown in ﬁgure 4.48. The EDX
spectrum shows a big Silicon peak generated by the needle-like deposits; in the spectrum the Si
α and β lines are emphasized in red and green respectively. (UNICAL)
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Figure 4.48: A SEM mapping from Tube 4 layer 3.: it shows a map of the diﬀerent
elements detected on the sample; in red the Si-contamination, which map-micrograph is the
picture in the middle, is emphasized. The presence of C and O is due to the SEM analysis
itself. (UNICAL)
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Figure 4.47-on the left shows the same micrograph of the wire sample from tube 4 layer
3, on the wire a groove is visible. It is normal and due to the wire production process, in fact
it was observed many times on new wire sample analysed as comparison with the aged ones.
Figure 4.47-on the right shows the EDX spectrum acquired on the same wire sample. The
presence of C and O is due to the SEM analysis itself (background).
Figure 4.48 shows a map of the diﬀerent elements detected on the wire sample from tube
4 layer3. In the diﬀerent pictures are shown the maps of the detected elements on the sample.
In the ﬁrst picture the Silicon contamination superimposed to the micrograph of the wire is
reported.
4.8.2 Tubelet Analysis
The largest part of tubes aﬀected by ageing was in the BIS third layer, as the ﬁgures 4.37
and 4.38 show. Due to the non uniformity of the ageing eﬀects it was decided to analyze
the gas components not being common to all tubes. It was decided to analyze the tubelets,
little stainless steel tubes which, one for each tube, distribute gas from the gas manifold (Par.
3.1.4, Figure 3.5).
The tubelets set on BIS chamber were previously cleaned in batch. In order to ﬁnd out if
something was wrong in the cleaning procedure of these components, some tubelets from BIS
and some tubelets from the same cleaning batch as those ones on BIS layer 3, but tubelets
not used before, were analyzed by Fourier-Transform Infrared Spectroscopy (FTIR) technique
looking for any type of pollution, but in particular Silicone traces. The FTIR technique
has the advantage of being sensitive to certain chemical groups, due to the range of large
wavelength that it uses, which excites mainly vibrational degrees of freedom in the molecules
studied. FTIR spectroscopy is the most reliable method in identifying silicone compounds.
The analyses were performed at CERN TS Department.
The sample of 5 tubelets from BIS chamber was composed by two tubelets from aﬀected
tubes, one of layer one and one of layer three, and three tubelets from not aﬀected tubes, one
of layer one and two of layer three. Figure 4.53 shows the transmission plot of a aﬀected tube
(tube 16) of layer three, while the ﬁgure 4.52 shows the transmission plot of a not aﬀected
tube (tube 12) of layer three. Figure 4.54 shows the transmission plot of the ﬁve tubelets
sample not used in the test. Two of the tubelets (one belonged to a tube showing ageing, the
other belonged to a tube not showing ageing) show a slightly diﬀerent IR spectrum. However
no clear signal for a Si-contamination (signal from Si is expected in the range 500 ÷ 1500
cm−1) could be observed in either case, nor in the set of ﬁve tubelets not used before (ruling
out the hypothesis of a bad cleaning of the tubelets).
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Figure 4.49: Tubelet from tube 1 layer 3, shown loss in pulse height.
Figure 4.50: Tubelet from tube 3 layer 3, shown loss in pulse height.
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Figure 4.51: Tubelet from tube 11 layer 3, shown loss in pulse height.
Figure 4.52: Tubelet from tube 12 layer 3, shown loss in pulse height.
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Figure 4.53: Tubelet from tube 16 layer 3, shown loss in pulse height.
Figure 4.54: Sample of ﬁve tubelets not used, belonging to the same cleaning batch of the
used ones.
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4.9 Summary and Conclusions
In this chapter the ageing studies performed on MDT chambers were presented. This ageing
study is also reported in detail in [15] and [16].
At ﬁrst the ageing problem for wire drift chamber were presented. Then the 2001-2003
ageing test was brieﬂy summarized and its major results reported as a starting point for the
2004-2005 ageing test.
The main part of the chapter was dedicated to the 2004-2005 ageing study, which set-up,
preliminary tests, analysis and further analysis investigations were reported in detail.
After 100 days of irradiation at CERN GIF, corresponding to 290 mC/cm, equivalent
to 5 years of LHC operation (including the safety factors 5 to allow for uncertainties in the
estimated background) the following results have been found:
• no tube had a decrease of the signal greater than 5%, apart from the ﬁrst 10÷12 cm
from the gas inlet;
• 82 out of 96 tubes showed no appreciable deterioration of the signal, in the ﬁrst 10÷12
cm of the tube;
• the remaining 14 tubes showed a decrease of the pulse height between 5% and 30%;
the drop was not linear with the accumulated charge, but remained constant after 70
mC/cm without any further decrease of the pulse height;
• the loss in eﬃciency was negligible, because it aﬀected a small region of wire;
• the chemical analyses of the wires, both with the Scanning Electron Microscope, the
Energy Dispersive X-ray and the Fourier Transform InfraRed spectroscopy techniques,
were able to identify the eﬀect, but had given no clue for its cause.
To summarize, although the origin of the eﬀect is not completely understood, its size and
phenomenology have been successfully measured; they do not look very dangerous for the
experiment.
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Observability of MSSM Heavy
Neutral Higgs Bosons Decaying
Into Neutralinos with the ATLAS
Detector
In this chapter the possibilities to observe the decay of heavy neutral SUSY Higgs bosons into
supersymmetric particles at Atlas detector is discussed. I will focus on the most promising
channel where the heavy neutral Higgs bosons decay into a pair of next-to-lightest neutralinos
χ˜02, followed by χ˜
0
2 → l˜±L l∓ and l˜±L → l± χ˜01. This decay chain leads to a ﬁnal state signature
of four isolated leptons plus EmissT .
5.1 Introduction
One of the main goals of the Large Hadron Collider project is to ﬁnd new physics signals.
If SUSY is indeed the right new physics at the electroweak scale, the ﬁrst task of the LHC
will be to detect a deviation from Standard Model predictions characteristic of SUSY. The
ability to do so is clearly model dependent. For example if all SUSY particles were nearly
degenerate in mass, then they would decay into very soft jets or leptons plus an invisible χ01,
and nothing would be observable. Fortunately such a degenerate spectrum does not occur in
any reasonable model [1].
While the problem of the electroweak symmetry breaking can be solved in the Standard
Model by the Higgs mechanism, introducing one Higgs boson, the Minimal Supersymmetric
Standard Model requires ﬁve physical Higgs bosons: a light CP-even (h0), a heavy CP-
even (H0), a heavy CP-odd (A0) and two charged Higgs particles (H±), as we have seen in
the ﬁrst chapter. Therefore the discovery of heavy neutral Higgs bosons would be a major
breakthrough in verifying the supersymmetric nature of the fundamental theory.
At the tree level all Higgs masses and couplings can be expressed in terms of only two
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parameter, tanβ and mA. After introducing eﬀect from radiative corrections, the mass of the
lightest Higgs boson h0 is predicted to be smaller than mh0 < 130 - 150 GeV , while the H0,
A0 and H± bosons masses are heavier, almost degenerate and no upper limit is given by the
model.
The most promising channel to discover the heavy SUSY Higgs bosons is the A/H → ττ
channel, [2], [3] and [4], where both the leptonic and hadronic decays of the τ can be exploited.
This channel has been shown to cover large parts of the intermediate and high tan β region
of the MSSM parameter space. For low values of tanβ the coupling of the Higgs bosons to
taus is not high enough and therefore this region is not accessible for the ττ channel.
Higgs bosons decaying into sparticles might open new possibilities to explore regions of pa-
rameter space where SM decays would not be accessible.
In this Ph.D. theses work I report on a study of this type of decay with the ATLAS
detector. I will focus on the decay of the heavy neutral Higgs H0 and A0 bosons into two
next-to-lightest neutralinos, with each of the neutralinos in turn decaying into two isolated
leptons plus EmissT , such as χ˜
0
2 → l+l−χ˜01, resulting in a clear four isolated leptons ﬁnal state
signature, so the bosons cascade decay is:
A/H → χ˜02χ˜02 → 4l± +X (l = e, µ).
The search for A/H → χ˜02χ˜02 was already proposed some years ago in a theoretical paper
[5] and a subsequent study reported the prospectives for observability of this channel with the
ATLAS detector in [6] and [7] at the so-called LHC Point 3 (mSUGRA scenario) [2].
5.2 Framework
This study was performed in the framework of the Minimal Supersymmetric Standard Model
(MSSM), considering the actual LEP-II limits and the latest constraints on dark matter from
the WMAP experiment [8].
Assuming that all the squark masses are equal and the masses of all the slepton generations
are also equal, the event samples were generated taking these 12 parameters, instead of the
18 of the MSSM, as free: the mass of the CP-odd Higgs mA, the Higgsino mass parameter
µ, the bino and the wino mass parameter M1 and M2, the slepton masses ml˜L and ml˜R , the
gluino mass mg˜, the squark mass mq˜, the Higgs VEV ratio tan β and the top, bottom and τ
trilinear coupling parameters At, Ab and Aτ . The top quark mass is assumed at the default
value of 175 GeV . In table 5.1 the chosen values are reported.
The high negative value of the trilinear coupling parameter At was chosen to have a great
mixing in the stop sector and a light Higgs mass mh compatible with the LEP limits.
The following framework was adopted as a starting point for this study:
• Neutralinos and charginos are considered light and above the LEP-II limits. In fact M1
was ﬁxed to 75 GeV and, using the renormalization group relation M2 ≈ 2M1, M2 was
set to 150 GeV . So, it was taken: M1 < M2 < |µ|. This large µ scenario is favoured
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Parameter Chosen Value Parameter Chosen Value
mA 350 GeV µ 500 GeV
M1 75 GeV M2 150 GeV
ml˜L 200 GeV ml˜R 120 GeV
mg˜ 1050 GeV mq˜ 1000 GeV
tan β 6 At -1000
Ab 0 Aτ 0
Table 5.1: The chosen values of some MSSM free parameters (Input values for the event
samples generations).
in models where χ˜01 is the dark matter candidate, like mSUGRA. In low µ scenarios,
the decay of χ˜02 into leptons will be strongly suppressed. For large values of µ, χ˜
0
2 is
rather wino and χ˜01 is bino-like. Therefore it approximately holds that mχ˜01 ≈ M1 and
mχ˜02 ≈M2.
• Sleptons were taken to be also light. It was considered the case they would be lighter
than χ˜02, thereby allowing two-body decays into lepton; ml˜ < mχ˜02 , meaning that real
decays of neutralinos into sleptons are allowed:
χ˜02 → l˜±l∓ and
l˜± → l±χ˜01.
• The masses of squarks and gluinos are kept at the 1 TeV scale. In the MSSM it is
natural that these sparticles are heavier than neutralinos and sleptons.
While this chosen point in the MSSM parameter space may not be the one that nature has
chosen, it is necessary to emphasize that consistent sets of analyses can only be performed
in the context of a consistent model. This is because many promising signals that might be
clearly distinguished from Standard Model backgrounds in one channel, can be obscured by
production and decays of other supersymmetric particles. It is not necessary to believe in this
model, but the model that Nature has chosen will be self-consistent [9].
5.2.1 MSSM Mass Spectrum
For the point in the MSSM parameter space chosen, the SUSY particles are rather light, with
masses ranging from χ˜01 ∼73 GeV for the LSP, to χ˜±1 ∼142 GeV for the lightest chargino, to
∼1 TeV for the ﬁrst family of squarks and gluino. The lightest Higgs boson, mh ∼113 GeV ,
the heavy ones have masses of mA0/H0 ∼350 GeV . The detailed spectrum of SUSY particles
masses is reported in table 5.2.
In table 5.3 the branching ratios for h0, H0 and A0 bosons are reported as given by
HERWIG generator program (Par. 5.3).
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Sparticle Mass (GeV ) Sparticle Mass (GeV )
mg˜ 1050.00 mq˜ ∼1000
















Table 5.2: The expected mass spectrum for SUSY particles and Higgs bosons at the chosen
point in the MSSM parameters space.
Decay Mode Branching Ratio Decay Mode Branching Ratio
h0 → bb¯ 85.8% h0 → gg 4.8%
h0 → τ+τ− 7.3% h0 → cc¯ 1.8%
A0 → χ˜02χ˜02 9.2% H0 → χ˜02χ˜02 3.1%
A0 → bb¯ 45.5% H0 → bb¯ 60.8%
A0 → χ˜+1 χ˜−1 21.4% H0 → h0h0 10.2%
A0 → χ˜01χ˜02 8.2% H0 → χ˜+1 χ˜−1 7.4%
A0 → tt¯ 7.6% H0 → τ+τ− 6.5%
A0 → τ+τ− 4.8% H0 → χ˜01χ˜02 5.5%
A0 → χ˜01χ˜01 1.8% H0 →W+W− 2.1%
A0 → Z0/γ∗h0 1.1% H0 → χ˜01χ˜01 1.6%
Table 5.3: The expected branching ratios for Higgs bosons at the chosen point in the MSSM
parameters space.
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5.3 Event Samples Generation
The signal events were generated with HERWIG [10], [11]. A0 and H0 were produced via
gluon interaction (Figure 5.1):
gg → A0,H0.






Figure 5.1: Feynman diagram of the heavy neutral Higgs bosons production via gluon fusion.







Figure 5.2: Feynman diagram of the heavy neutral Higgs bosons decay into two next-to-
lightest neutralinos.
Each neutralino was forced to decay in l˜±Rl
∓, with l = e, µ only; while slepton decay into
lepton-LSP, lχ˜01, has a branching ratio of 1. Figure 5.3 shows the Feynman diagram of the
next-to-lightest neutralino decay chain.
The SUSY background events were also generated with HERWIG. The SUSY spectrum
was calculated with ISAJET [12]. The ISAJET program iteratively solves the actual Renor-
malization Group Equation (RGE) for SUSY masses and couplings; next the output parame-
ters of a general MSSM model were used to calculate the physical masses, which are a mixing
of the eigenstates, and the branching fractions. Then it was interfaced to HERWIG using the
ISAWIG package [13].







Figure 5.3: Feynman diagram of the next-to-lightest neutralino χ˜02 decay chain.
The HERWIG IPROC code used was 3000 (2 partons to 2 sparticles), that includes the
following processes:
• (IPROC=3010) 2 partons to 2 spartons,
• (IPROC=3020) 2 partons to 2 gauginos,
• (IPROC=3030) 2 partons to 2 sleptons.
The cross sections of the supersymmetric processes, as given by the generator, are reported
in table 5.4.
IPROC Process Cross Section (pb)
3620 gg → H0 0.913
3630 gg → A0 0.835
3010 2-parton → 2-sparton 1.396
3020 2-parton → 2-gaugino 6.696
3030 2-parton → 2-slepton 0.461
3000 2-parton → 2-sparticle 8.558
Table 5.4: SUSY process cross sections as given by HERWIG.
The Standard Model background process were generated with PYTHIA [14]. The following
SM backgrounds giving rise to four leptons in the ﬁnal state have been generated: ZZ, Zbb¯
and tt¯. The decays of Z into taus have not been included.
The ATLAS detector response was simulated using the ATLFAST Monte Carlo [15], which
contains a parametrized description of the detector response. The eﬀects of event pile-up at
the LHC had not been included.
All the productions were performed in the oﬃcial ATLAS oﬄine software framework
ATHENA [16] (ver. 10.0.1).
5.4 Signal Versus Background Discrimination
Two categories of background have to considered: Standard Model processes and SUSY back-
ground.
The analysis strategy is based on the following selection criteria:
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• the requirements of events with two pairs of leptons with opposite sign and same ﬂavour
(OS-SF), with transverse momentum pT greater than 10 GeV and within |η| < 2.7;
• the applying of kinematical cuts to reduce SM ZZ background and SUSY background;
• the applying of isolation criteria to reduce SM tt¯ background.
In the following paragraphs this strategy is illustrated.
As the ﬁrst step four-lepton events were selected at the generator/ATLFAST processing
step using the MultiLeptonFilter in ATHENA. This ﬁlter selects events with four leptons
in the ﬁnal state with |η| < 2.7 and pT > 4 GeV .
The ﬁrst kinematical cut used was a requirement on the transverse momenta of the four
leptons to have a good reconstruction; so it was required events with pT > 10 GeV for each
lepton and with almost two leptons with pT > 20 GeV , taking into account the ATLAS trigger
requirements (Par. 2.4.6).
5.4.1 Higgs Signal
There are several SUSY decay modes of the neutral heavy Higgs bosons into neutralinos which
lead through the cascade decay to the multileptonic ﬁnal state but, as shown in table 5.3, at
the chosen point in the MSSM parameter space the only decay into neutralinos which leads
to a four-leptons signature is:
A0/H0 → χ˜02χ˜02,
with each neutralino decaying as:
χ˜02 → l˜±Rl∓,
and each slepton decaying as:
l˜±R → l±χ˜01,
This decay chain gives a clear four-leptons signature plus EmissT due to the two LSP χ˜
0
1. The
A0 and H0 decay cannot be distinguished experimentally from each other, since the two heavy
Higgs bosons are almost degenerate in mass in the relevant region of parameter space.
Table 5.5 shows the expected σ ×BR (values by HERWIG generator program) and table
5.6 shows the expected number of events in three years at high luminosity at LHC (L=300
fb−1).
The problem in event selection consists in combining the four leptons into two pair, one
for each neutralino. The two-body decay chain of the next-to-lightest neutralino:
χ˜02 → l˜±Rl∓ → l±l∓χ01,
produces opposite-sign, same-ﬂavour dileptons which have an mll invariant mass distribution








≈ 51.15 GeV (5.1)
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Decay σ ×BR (pb)
A0 → χ˜02χ˜02 0.077
H0 → χ˜02χ˜02 0.028
(A0 +H0)→ χ˜02χ˜02 0.105
(A0 +H0)→ χ˜02χ˜02 → 4lχ˜01χ˜01 0.044
Table 5.5: The expected A0 and H0 Higgs bosons rates (σ × BR) in two next-to-lightest
neutralinos and in the four-leptons channel.
Figures 5.4 and 5.6 show the dilepton invariant mass distribution for signal events with an
Decay Expected events
A0 → χ˜02χ˜02 23100
H0 → χ˜02χ˜02 8400
(A0 +H0)→ χ˜02χ˜02 31500
(A0 +H0)→ χ˜02χ˜02 → 4lχ˜01χ˜01 13200
Table 5.6: The expected number of events with four leptons from A0 and H0 Higgs bosons
for an integrated luminosity of 300 fb−1.
electron pair and a muon pair, e+e−µ+µ−. Selecting events where one neutralino decay into
electrons and the other one into muons avoids improper combinations of leptons. Figures
5.5 and 5.7 show the dilepton invariant mass distribution for signal events with two pairs of
opposite sign leptons of the same ﬂavour, l+l−l+l−. The shape of the dilepton invariant mass
spectrum can be used for signal versus background discrimination. The mmaxll edge is very
clean in the ﬁrst case (Figure 5.4), the case of two electrons and two muons, but it is not so
much clean in the case of four same-ﬂavour leptons due to the mis-combinations that give rise
to a “combinatorial background”.
The ﬁrst kinematical cut was set at the edge value, ml+l− < 55 GeV ; this cut reduces the
“combinatorial background” introduced by the mis-combinations of leptons.
Usually only events with OS-SF lepton pairs e+e−µ+µ− are taken into account for the
analysis; in this study it was decided to take into account also the events with four same-ﬂavour
leptons, because the combinatorial background introduced by these events is low enough as
it will be see in the Higgs mass reconstruction step (Par. 5.6). Figure 5.8 shows the dilepton
mass distribution for e+µ−µ+e− signal events superimposed to the l+l−l+l− dilepton mass
distribution. Figure 5.9 shows the dilepton mass distribution for the l+l−l+l− signal events
subtracted of the “combinatorial background”, which was estimated using e+µ−µ+e− events
distribution.
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Figure 5.4: Kinematical edge in the dilepton
invariant mass distribution for four-leptons
events with a muon pair and an electron pair
OS-SF.
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Figure 5.5: Kinematical edge in the dilep-
ton invariant mass distribution for four same
ﬂavour leptons events with two pairs OS.
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Figure 5.6: Double kinematical edge in the
di-muon versus di-electron invariant mass.
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Figure 5.7: Double kinematical edge in the
di-muon versus di-electron invariant mass.
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Figure 5.8: Dilepton invariant mass distribution for e+µ−µ+e− signal events superimposed
to dilepton mass distribution for l+l−l+l− events.
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Figure 5.9: Dilepton invariant mass distribution for l+l−l+l− events subtracted of the “com-
binatorial background”.
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This kinematical cut reduces the combinatorial background introduced by selecting same
ﬂavour four leptons events and it also cuts down the SM ZZ and Zbb¯ backgrounds because
the kinematical edge is lower than the Z-mass (55 GeV = mmaxll < mZ). Therefore this cut
eliminates also any other background containing a Z boson.
As it is said before, the ﬁnal state signature is four isolated leptons plus EmissT . The p
miss
T
distribution of signal, SUSY and SM backgrounds are shown in ﬁgures 5.10 - 5.14. In view of
these distributions a second kinematical cut was applied selecting events with pmissT > 20 GeV .
This cut essentially reduce further the SM ZZ and Zbb¯ backgrounds.
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Figure 5.10: pmissT distribution for signal events normalized to 30 fb
−1.
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Figure 5.11: pmissT distribution for SUSY
background events normalized to 30 fb−1.
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Figure 5.12: pmissT distribution for SM ZZ
background events normalized to 30 fb−1.
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Figure 5.13: pmissT distribution for SM Zbb¯




Underflow       0



















Figure 5.14: pmissT distribution for SM tt¯
background events normalized to 30 fb−1.
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5.4.2 SUSY Background
The dominant processes for SUSY production at LHC are q˜g˜ and g˜g˜ events with charginos
and neutralinos being abundantly produced in the cascade decay. The abundant production
of leptons in the decay of gauginos lead to characteristic ﬁnal states with uncorrelated (ﬂavour
and sign) multi-leptons, jets and missing energy.
Squark/gluino production is characterized by a large jet multiplicity with ∼ 4 jets on
average, a signiﬁcant pmissT and jet transverse momenta that are larger compared to the
expectations for the signal.
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Figure 5.15: The jet multiplicity (num-
ber of jet per event) for SUSY back-
ground.
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Figure 5.16: The jet multiplicity (num-
ber of jet per event) for signal events.
Figures 5.15 and 5.16 show the jets multiplicity for uncalibrated jets (as reconstructed by
ATLFAST) in full rapidity range |η| < 5 and with pjetT > 10 GeV for SUSY background events
and for signal events. Clearly jet multiplicity is much larger for SUSY events (< N jet >=
4.05) than for signal (< N jet >= 1.31). Also the jets are much harder for SUSY events
(< pjetT >= 342.2 GeV ) than for signal (< p
jet
T >= 59.8 GeV ).
A variable sensitive to inclusive gluino and squarks decays is the eﬀective mass Meff ,
deﬁned as the scalar sum of the pT ’s of the four hardest jets and the missing transverse
energy EmissT :









where the jet pT ’s have been ordered such that p1T is the transverse momentum of the leading
jet.
Therefore the inclusive variable Meff is very useful to distinguish SUSY from SM events
[9], [17]. Typically the eﬀective mass distribution is dominated by Standard Model processes
at low Meff , in fact the SM backgrounds tend to have smaller EmissT , fewer jets and a lower
jet multiplicity. While the eﬀective mass distribution is dominated by SUSY processes, of a
factor of 5-10 larger than SM prediction, for large Meff values. Figures 5.17 - 5.19 show the
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eﬀective mass distribution for SUSY background events, 2 partons to 2 spartons processes,
2 partons to 2 gauginos processes and 2 partons to 2 sleptons processes respectively; only
squark and gluino productions contribute for large Meff values.
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Figure 5.17: 2 partons to 2 spartons pro-
cesses; squark and gluino production domi-
nates the eﬀective mass distribution at large
Meff values.
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Figure 5.18: 2 partons to 2 gauginos pro-
cesses; gaugino production dominates the ef-
fective mass distribution at low Meff values.
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Figure 5.19: 2 partons to 2 sleptons pro-
cesses; slepton production dominates the ef-
fective mass distribution at low Meff values.
Therefore Meff inclusive variable was very useful to cut the squark and gluino SUSY
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background events, requiring events with Meff < 200GeV . The Meff distributions for signal
events, SUSY background and SM backgrounds are shown in ﬁgures 5.20 - 5.24.
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Figure 5.20: The eﬀective mass distribution
for SUSY background events.
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Figure 5.21: The eﬀective mass distribution
for signal events.
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Figure 5.22: The eﬀective mass distribution
for SM ZZ background events.
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Figure 5.23: The eﬀective mass distribution
for SM Zbb¯ background events.
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Figure 5.24: The eﬀective mass distribu-




Underflow       0
Overflow    8.801
(GeV)effM



















The most important SM background is the irreducibleZZ, Z(Z∗/γ∗), (Z∗/γ∗)(Z∗/γ∗) produc-
tion leading to the four-leptons ﬁnal state, with a σ × BR of 158.8 fb−1 (PYTHIA generator,
τ -decay excluded). This background was almost completely reduced by the kinematical cut
on the dilepton invariant mass edge and by the pmissT cut.
The SM backgrounds Zbb¯ and tt¯ are deﬁned as ’reducible backgrounds’ because in Zbb¯
and tt¯ processes the ﬁnal state leptons tend to be not isolated, due to the presence of b-decay
products in the neighbouring of the leptons.
The cross section of the Zbb¯ production with the Z boson decaying in electron or muon pair
is of 57.5 pb−1 (PYTHIA generator, τ -decay excluded). This process may contribute to the
four-leptons events if the leptons from the b decay are identiﬁed as isolated ones. Again this
background was almost completely reduced by the kinematical cut on the dilepton invariant
mass edge, because the Z mass is higher than the dilepton kinematical edge (mmaxll ), and by
the cut on pmissT .
The cross section of the tt¯ production with both:
t →W+b
t¯ →W−b
and with the W boson forced to decay in:
W± → l±ν (l = e, µ)
is of 22.94 pb−1 (PYTHIA generator, τ -decay excluded). This process may contribute to the
four-leptons events if the leptons from the b decay are identiﬁed as isolated ones. The expected
background from tt¯ events is of ∼ 14.7·106 events with SF-OS lepton pairs for an integrated
luminosity of 30 fb−1 if no isolation requirements are applied on the leptons. This number of
events was reduced to ∼ 16000 events by the kinematical cuts on the dilepton mass, the pmissT
and Meff .
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To reduce tt¯ background it was decided to use the isolation criteria, and the results of the
full simulation reported in [18] for H → ZZ∗ → 4l was taken into account. In the isolation
criteria, tracker isolation, of this study a lepton was considered as isolated when there was
no charged track above a given pT -threshold pmaxT in a cone of radius R =
√
δη2 + δφ2 = 0.2
around its own track. Four isolated leptons are required. Other criteria, as the sum of the
momentum in the cone or the total number of charged tracks in the neighbouring of the lepton
have been investigated for the cited study, without any improvement with respect to the ﬁrst
one.
The rejection again tt¯ and Zbb¯, keeping the isolation eﬃciency on 90% level, achieved were
R = 110± 22 and R = 30± 10 respectively. As shown in [18] a total rejection of 1200 ± 300
at low luminosity and 810 ± 200 at high luminosity is achievable for the signal eﬃciencies
of 81% for muons and 58% for electrons for low luminosity performance and for the signal
eﬃciencies of 57% for muons and 47% for electrons for high luminosity performance using a
combination of isolation and impact parameter criteria.
The rejection of R = 110 only against tt¯ events would decrease this background to 145
expected events for an integrated luminosity of 30 fb−1.
5.4.4 Expected Signal and Backgrounds Events after Kinematical Cuts
The expected number of four-leptons events for signal and background after applying the
kinematical cuts described in thew previous paragraphs are reported in table 5.7, normalized
to an integrated luminosity of 30 fb−1.
Higgs SUSY SM bkg: SM bkg: SM bkg:
→ χ02χ02 → 4lep.χ01χ01 bkg. ZZ Zbb¯ tt¯
Generated Events 1315 249000 4785 1469000 14.742 · 106
MultiLeptonFilter 1042.4 3340.8 1003.6 16113.2 2.132 · 106
pT selection 369.5 607.6 535.7 1107.2 106607.3
mll < 55GeV 369.3 419.5 21.4 159.6 31678.3
Meff < 200GeV 354.8 122.8 21.4 83.1 17419.4
pmissT > 20GeV 319.4 115.5 1.2 30.6 15946.3
Table 5.7: Number of surviving signal and background events after successive selection cuts
for an integrated luminosity of 30 fb−1. In the last line the numbers of surviving Zbb¯ and tt¯
events after the application of the isolation criteria from [18] are reported.
As reported in the last column of the table 5.7 the number of tt¯ events that have passed
the kinematical cut is high, because the leptons from b-decay are identiﬁed as isolated ones
by ATLFAST. To reduce this background it was applied the rejection from [18] as discussed
before. In this way the number of tt¯ events are reduced to 145 events and the Zbb¯ events to
1 event for an integrated luminosity of 30 fb−1.
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5.5 Dependence of the discovery on the mA parameter
As a next step it was investigated the observability of the channel A/H → χ02χ02 → 4l+EmissT
varying the mA free parameter from 300 GeV to 450 GeV . The expected number of signal
events are reported in tables 5.8 and 5.9, normalized at 30 fb−1.
30 fb−1 mA0 = 300 GeV mA0 = 350 GeV
NORMALIZED A0 H0 A0 H0
Generated Events 1072.26 119.37 956.07 352.22
After MultiLeptonFilter 847.08 93.75 756.44 277.36
After Analysis Cuts 245.4 26.57 233.15 83.64
A+H events 271.97 316.79
Table 5.8: Number of surviving signal events after successive selection cuts (30 fb−1) for
diﬀerent values of the mA free parameter, mA = 300 GeV and mA = 350 GeV .
30 fb−1 mA0 = 400 GeV mA0 = 450 GeV
NORMALIZED A0 H0 A0 H0
Generated Events 412.65 274.3 250.42 180.56
After MultiLeptonFilter 332.57 218.74 201.46 146.23
After Analysis Cuts 110.73 74.13 62.47 53.5
A+H events 184.86 115.97
Table 5.9: Number of surviving signal events after successive selection cuts (30 fb−1) for
diﬀerent values of the mA free parameter, mA = 400 GeV and mA = 450 GeV .
As a criterion for discovery it was required the signiﬁcance σ ≥ 5, with σ deﬁned as
σ = S√
B
, where S and B are the number of signal and background events respectively.
mA0 mA0 mA0 mA0
(300 GeV ) (350 GeV ) (400 GeV ) (450 GeV )
σ = S√
B
16.8 19.5 11.4 7.2
Table 5.10: Signiﬁcance, σ = S√
B
, for the diﬀerent values of mA investigated.
In table 5.10 the signiﬁcance for the diﬀerent values of mA investigated are summarized.
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5.6 Higgs Mass Reconstruction
The main assumption of this study is the previous discovery of supersymmetry and therefore
this analysis strategy is performed assuming the masses of the two lighter neutralinos (χ˜02,
χ˜01) and of the right handed slepton as known, and the corresponding errors were ignored.
After the events selection, to reconstruct the Higgs mass, the mass shell conditions of the





= (pχ˜01 + pl1)
2, (5.4)
m2χ˜02
= (pχ˜01 + pl1 + pl2)
2. (5.5)
where the lepton indicated by l2 is the one from the χ˜02 decay:
χ˜02 → l˜Rl2,
and the lepton indicated by l1 is the one from the decay of the slepton:
l˜R → χ˜01l1.
Then the Higgs mass was reconstructed as the invariant mass of the two next-to-lightest
neutralinos.
Figures 5.25 and 5.26 show the Higgs invariant mass for e+e−µ+µ− and l+l−l+l− events
respectively, for an integrated luminosity of 300 fb−1.
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Figure 5.25: The Higgs mass distribution
for e+e−µ+µ− events at 300 fb−1.
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Figure 5.26: The Higgs mass distribution
for l+l−l+l− events at 300 fb−1.
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To increase statistic it was decided to take into account the e+e−e+e− and µ+µ−µ+µ−
sample events; in fact the combinatorial background from the wrong choice of lepton pairs
estimated from the e+e−µ+µ−-events contributes very few to the Higgs mass spectrum (Figure
5.27).
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Figure 5.27: The Higgs mass distribution for e+µ−µ+e− and l+l−l+l− events at 30 fb−1.
In ﬁgure 5.28 the Higgs invariant mass is shown as the distribution of e+e−µ+µ− and
l+l−l+l− events signal events and for an integrated luminosity of 300 fb−1. The peak was
ﬁtted with a landau function and the most probable value is (351.8 ± 0.8) GeV , a value
compatible with the generated mass value (see Table 5.2).
Figure 5.29 shows the Higgs invariant mass distribution for signal events and the distri-
bution of all the background samples superimposed to it, all normalized to 30 fb−1.
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Figure 5.28: The Higgs mass distribution for e+e−µ+µ− and l+l−l+l− events at 300 fb−1.
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Figure 5.29: The Higgs mass distribution of all the samples (signal and backgrounds) super-
imposed and normalized to 30 fb−1.
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5.7 Summary and Conclusions
In this chapter the sparticle decay mode of the heavy neutral SUSY Higgs bosons has been
investigated.
A fast analysis of the channel A/H → χ˜02χ˜02 → 4l± + X (l = e, µ) was performed. The
SM ZZ, Zbb and tt processes were taken into account as backgrounds, because leading to a
four-leptons ﬁnal state signature like the Higgs decay under study. The main background was
SUSY itself, which was investigated too.
The signal and SUSY background were generated using the HERWIG generator program,
while the SM backgrounds were generated using the PYTHIA generator program. The ATL-
FAST fast Monte Carlo was used to simulate the detector response.
The analysis framework was the Minimal Supersymmetric Extension of the Standard
Model (MSSM) with 12 free parameters, instead of 18, assuming that all the squark masses
are equal and the masses of all the slepton generation are also equal.
For the chosen point of the MSSM parameter space, a clear signal can be observed selecting
events with four isolated leptons in the ﬁnal state.
The applied selection criteria suﬃciently suppress ZZ, Zbb and SUSY backgrounds while
the isolation criteria strongly suppress tt (and further Zbb) background, leading to good
signiﬁcance values.
Also a scan in mA0 free parameter was done and the relative values of signiﬁcance, reported
in table 5.10, are shown in ﬁgure 5.30.
Figure 5.30: The expected sensi-
tivity to detect neutral SUSY Higgs
bosons decaying into two next-to-
lightest neutralinos for an integrated
luminosity of 30 fb−1. 0Am
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